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ABSTRACT 
This investigation determines the convective heat transfer coefficient from the 
vertical, warm walls of a refrigerator which has cold contents. The influence of enclosure 
height and contents configuration on the magnitude of the coefficient is established. The 
heat transfer data are correlated with three different models. The first is a simple power 
law relating the Nusselt number to the Rayleigh number. The other correlations include 
the effect of the contents configuration by adding a geometric parameter which is either 
an area or a volume ratio of the contents to the enclosure. All three correlations yield a 
coefficient of determination greater than 0.93. The Rayleigh number based on the 
enclosure height and the temperature difference between the enclosure and the contents 
ranges from 4.8 x 106 to 6.1 x 108. The surface area ratio varies from 0.47 to 0.91, while 
the volume ratio varies from 0.11 to 0.32. 
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NOMENCLATURE 
A area [m2] 
a some characteristic length [m] (= H unless specified otherwise) 
b distacne traveled by boundary layer [m] 
c,m,n empirically determined constants 
Cp specific heat at constant pressure [J/kg-K] 
g accelartion due to gravity, 9.81 m/s2 
H enclosure height or vertical plate length [m] 
h heat transfer coefficient [W/m 2-K] 
k thermal conductivity [W/m-K] 
L thickness, enclosure width, or characteristic length [m] 
P a non-dimensional contents to enclosure geometric parameter 
q heat transfer rate [W] 
q" heat flux [W/m2] 
R resistance [0] or radius [m] 
R2 coefficient of determination 
SF script F factor 
T absolute temperature [K] 
AT temperature difference 
V voltage [V] or volume [m3] 
W horizontal plate length [m] 
x distance along surface [m] 
Dimensionless Groups 
Or a Grashoff number, gf3A Ta 3/v 2 
NU a Nusselt number, halk 
Pr Prandtl number, vIa. 
xi 
Raa Rayleigh number, Gr aPr 
Greek Symbols 
a thermal diffusivity [m 2/s] 
~ volume coefficient of expansion [K -1] 
E emissivity 
v kinematic viscosity [m2/s] 
p density [kglm3 ] 
0' Boltzman's constant, 5.67 x 10-8 W/m2-K4 
Subscripts 
avg average 
c convective 
cond conductive 
e effective 
f fluid (air) 
heater plate heater 
i inside or interior 
i,j,k surface indicies 
ice enclosure contents (ice) 
m heater input 
m mean 
0 outside or exterior 
plate aluminum plate 
r radiative 
w wall or enclosure 
xii 
1 . INTRODUCTION 
1. 1 Motivation for the Investigation 
The Department of Energy (DOE) recently released new efficiency standards for 
refrigeration. Currently, refrigerators and freezers consume approximately 20 percent of 
residential electricity (Scuria-Fontana, 1993). In addition, it is estimated that refrigerator-
freezer combination units account for eight percent of all electric power generated in the 
U.S. (Remich, 1993) or the equivalent electrical output of 251arge electrical power plants 
(Meier and Heinemeier, 1988). New standards will continue to be passed as long as 
refrigeration is a leading user of electricity. 
In response to current regulations, the refrigeration industry and research 
community are investigating several design options for household refrigerator-freezers. 
Some of the options attempt to increase energy efficiency by reducing auxiliary energy use 
or improving the refrigeration system, but many options seek improvements by decreasing 
the rate of heat transfer into the cabinet (Turiel and Heydari, 1988). Heat can be transferred 
into the cabinet through the walls or through the edge-gasket region. Since the gain 
through the walls accounts for approximately sixty percent of the load on the cabinet 
(Boughton, 1992), minimizing it appears to be a logical starting point for reducing the 
overall cabinet load. 
Reducing the heat gain through the walls indicates a need for improved cabinet 
insulation. Insulation improvements can be achieved by either increasing the insulation 
thickness or using a more effective insulator, such as improved foam insulation or 
evacuated insulation panels. The work to date has emphasized trying to make these 
changes. However, improving the insulating ability of the walls is not the only way to 
reduce the heat transferred to the interior volume through the walls. The refrigerator can be 
represented by a simple thermal resistance network as shown in Figure 1.1. The figure 
shows that there are three basic resistors that the heat flows through as it moves from the 
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outside air to the interior contents: the external resistance, the wall resistance, and the 
internal resistance. The internal and external resistances are each composed of convective 
and radiative components. 
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Figure 1.1 Thermal resistance network representation of refrigerator 
It is generally assumed that the internal heat transfer mechanisms are of little 
importance to the overall thermal resistance of the cabinet. This is essentially correct for 
most refrigerator-freezers in production today. Specifically, if a typical emissivity value of 
0.95 is chosen for the lining materials and natural convection over a vertical flat plate is . 
assumed, the effective radiative heat transfer coefficient, hr, between the walls and the 
contents is 4.6 W/m2-K and the convective heat transfer coefficient, he, is 2.1 W/m2-K. 
Under these conditions, the thermal resistance between the interior walls and the contents is 
estimated to be less than 10 percent of the thermal resistance of the entire heat flow path. 
Thus, the emphasis has been placed on improving the insulation in the walls. 
However, if a low emissivity lining could be used, the radiant exchange could be 
significantly reduced. For instance, with an emissivity of 0.05 assumed for the inner liner, 
the internal resistance jumps to nearly 20 percent of the total resistance. Additionally, if the 
convective heat transfer were altered or did not c.>bey the natural convection over a flat plate 
correlation such that he was 1.0 W/m2-K, the thermal resistance between the interior wall 
and the contents is approximately 35 percent of the total resistance. This simple analysis 
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was performed using FrigWall, a FORmAN code written by Clausing. A source code 
listing and all results of the analysis are located in Appendix A.l and A.2, respectively. 
The results are summarized in Table 1.1. The results assume the following: Ti = 277 K, 
To = 297 K, A = 2.99 m2, Lw = 36 mm, kw = 0.0245 W/m-K, and £2 = 0.95. The 
convective heat transfer coefficients, he, are calculated using Equation 1.1, except for hc,i 
in case 3, which was specified. In Equation 1.1, L is the characteristic length for 
convective heat transfer (Li = 0.3 m and Lo = 1.5 m). The thermal conductivity of air, kf' 
is evaluated at the appropriate film temperature, which is the average of either the inside or 
outside surface temperature and the corresponding ambient temperature. The radiative heat 
transfer coefficients, hr, are calculated using Equation 1.2 (based on a gray, diffuse wall 
seeing only black surroundings). The temperature difference between the interior wall and 
the inside ambient, AT, is used to determine the interior convective heat transfer coefficient 
Finally, Rtot is the equivalent resistance between Ti and To, and Ri is the equivalent 
resistance between Ti and Tw i. , 
Table 1.1 Effect of £ and h on thermal resistance ratio 
Case £j he,j (W/m2-K) AT (K) Ri/Rtot 
1 0.95 2.11 1.7 0.084 
2 0.05 2.55 3.6 0.181 
3 0.05 1.00 6.7 0.331 
(1.1) 
where k = i or 0 (1.2) 
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The impact of the potential increase in resistance is that the interior wall temperature 
has been increased, while the inside ambient or contents temperature has not been changed. 
As a resmt, the one-dimensional heat flow through the cabinet would be lowered, the edge 
gains would be reduced, and the potential for sweating near the door gasket would be 
diminished. Effectively, it is beneficial to have cool contents, not cool interior walls. 
These advantages are the motivation for investigating the modes of heat transfer in the 
cabinet and developing an economically viable way to produce a low emissivity lining. 
Initially, the convective heat transfer in current refrigerator-freezers is not as 
significant as the radiative heat transfer. However, if the radiative mode is not dominant, 
as would be the case with a low emissivity lining, it is imperative that the convective heat 
transfer coefficients over the interior walls are accurately known. This study focuses on 
natural convection within the cabinet. Investigating natural convection, as opposed to 
mixed or forced convection, provides the lower limit for heat transfer which is applicable 
during the "off" condition. Even if the low emissivity lining does not prove economically 
viable, the knowledge of the convective heat transfer coefficients is of significant value, as 
it can lead to suggestions for improving the air circulation system so as to decrease the 
convective exchange and control air stratification in the cabinet. Also, the use of natural 
convection currents has been proposed as a means for improving the efficiency of 
refrigerator-freezers (Turiel and Heydari, 1988). Implementing this possible efficiency 
improvement requires the understanding of convection in refrigerator cabinets. 
1. 2 Goals for the Project 
Based upon the arguments given in the previous section, the objectives of this 
investigation are: 
(1) to experimentally determine the natUral convection heat transfer coefficients 
over the walls of a refrigerator cabinet including the influences of cabinet size 
and the orientation and amount of cabinet contents. 
4 
(2) to correlate the Nusselt number to the Rayleigh number and the ratio of either 
the contents surface area to the wall surface area or the contents volume to the 
enclosure volume. 
(3) to compare the experimental data to existing correlations for convection over a 
flat vertical plate, near comers, and between bodies and their enclosure. 
5 
2. LITERA TURE REVIEW 
2. 1 Introduction 
To the author's knowledge, no literature exists that describes natural convection in a 
refrigerator cabinet during closed door conditions. However, a great deal of work has been 
completed in areas related to the problem being studied. Three areas related to the current 
research are design options for improving refrigerator-freezer efficiency, natural convection 
from vertical plates and comers, and natural convection in enclosures. The following three 
sections review some of the pertinent literature in these areas. 
2.2 Design Options for Improving Refrigerator-Freezer Efficiency 
A study by Turiel and Heydari (1988) analyzed several proposed design options for 
improving the efficiency of refrigerators and free~rs. The investigated design options are 
updated and expanded from a list developed in the late 1970s by DOE. Each of the design 
options seeks to increase energy efficiency by either reducing the rate of heat transfer into 
the cabinet, reducing auxiliary energy use, or improving the refrigeration system. The 
options that decrease the heat transfer rate into the cabinet are of interest for this thesis. The 
majority of these proposed improvements attempt to increase the thermal resistance of the 
cabinet walls. The increased resistance comes from door foam insulation substitution, 
increased insulation thickness, improved foam insulation, or evacuated insulation panels. 
The expected efficiency improvements for a top-mounted, automatic-defrost refrigerator-
freezer range from 2% to about 15% for each of these options. The 15% efficiency 
improvement of vacuum insulation was confirmed by Admiral Company's testing of 
Owens-Coming fiber glass vacuum insulation in 19 cubic foot top-mount refrigerator-
freezer (Remich, 1993). Values for refrigerator:.freezer designs other than top-mount 
models can be found in DOE's Technical Support Document (1989). 
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Turiel and Heydari also propose two other design options of interest, the double 
door gasket and the usage of natural convection currents. The double door gasket tries to 
decrease the heat gained around the edges of the doors and through the gaskets on the door 
edges. An experimental study by Boughton (1992) showed that these paths for heat gain 
account for approximately thirty percent of the overall cabinet load. The double door 
gasket has some possible inherent problems, such as the formation of ice between the 
gaskets. Using natural convection eliminates electricity use for fans and reduces the load 
on the refrigeration system due to the fan motor (Turiel and Heydari, 1988). Natural 
convection should also provide an increased thermal resistance between the inside and 
outside ambient temperatures (Section 1.1). 
The most publicized attempt at realizing some of the efficiency gains available has 
been the Super Efficient Refrigerator Program (SERP). The goal of SERP was to 
challenge industry to design a refrigerator that exceeded the 1993 DOE energy efficiency 
standards without using chlorofluorocarbons (CFCs) (Scuria-Fontana, 1993). In late 
1993, Whirlpool was announced as the winner of the contest by developing a 22 cubic foot 
side-by-side refrigerator that is 29% more efficient than the 1993 government standards 
without using any CFCs (Baker, 1993). Whirlpool's design achieved the improvements 
by utilizing such features as "fuzzy logic" control of defrosting, a CFC-free and more 
energy efficient compressor, improved CFC-free foam insulation for the door and walls, 
and increased insulation thickness (Baker). It is hoped that this award-winning model will 
come to market some time in 1994. 
2.3 Natural Convection from Vertical Plates and Corners 
Laminar free convection over vertical flat plates has been well studied. Both 
experimental and numerical solutions exist for various special cases. A solution to the 
laminar free convection boundary layer equations that has received much attention involves 
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free convection from an isothennal vertical surface in an extensive medium (Incropera and 
Dewitt,1990). The solution presented by Ostrach is 
( Or )1/4 Nux = -t g(Pr) (2.1) 
where g(Pr) is a function of the Prandtl number. Integrating Equation 2.1 over plate length 
and using LeFevre's correlation for g(Pr) evaluated at Pr = 0.71, an approximate value for 
the air inside a refrigerator, yields 
Nu = 0.515Ra1l4 
Clausing and Kempka's (1981) experimental results seem to confinn this numerical 
solution. Their data are within 2 percent of 
Nu = 0.52Ra1l4 
Also, Incropera and Dewitt (1990) present Churchill and Chu's correlation for laminar 
natural convection over a vertical plate (Equation 2.4). 
114 
N - 068 0.670Ra u-. + m 
[1 + (0.4921 Pr )9116] 
Other work has investigated natural convection over a vertical plate in a comer. 
(2.2) 
(2.3) 
(2.4) 
Van Leeuwan et al. (1971) experimentally studied the temperature and velocity profiles of 
laminar free convection in a vertical rectangular comer. The most important conclusion 
from the study was the occurrence of a "chimney effect" for the velocity proftle. The 
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velocity at the vertical plates making up the comer is exceeded by the velocity near the 
actual comer edge. The study also showed an expected hyperbolic temperature profile. 
Rodighiero and de Socio (1983) experimentally determined the heat transfer from a 
vertical plate of fmite height perpendicular to an infinite adiabatic flat wall (Figure 2.1). 
The average convective heat transfer over the vertical plate for Pr = 0.7 was shown to be 
Nu = 0.465 Ra 0.253 (2.5) 
Figure 2.1 Typical L-shaped comer 
Angirasa and Mahajan (1993) compared their numerical work with this experimental result 
They expanded on the experimental work by also considering cold isothermal horizontal 
walls. The empirical correlations for the adiabatic wall and isothermal wall are Equations 
2.6 and 2.7, respectively. 
Nu = 0.666Rao.232 
Nu = 0.833 Ra 0.221 
They also varied the horizontal wall length and found that the Nusselt number, for any 
aspect ratio (W /H) greater than 0.3, was approximately 10 percent less than that for a 
9 
(2.6) 
(2.7) 
vertical plate in a free stream. Rodighiero and de Socio (1983) and Angirasa and Mahajan 
(1993) attribute the lower Nusselt number for this geometry to the separated flow at the 
lower portion of the vertical plate, which lowers local heat transfer in this region. 
. 2.4 Natural Convection in Enclosures 
Buoyancy-induced flows can be classified as either external, such as a vertical plate 
in a free stream, or internal, such as in an enclosure. Ostrach (1988) states that internal 
problems are considerably more complex than external problems. In a confined geometry, 
boundary layers form near the walls, but the region exterior to them is enclosed by them 
and forms a core region. The boundary layer and core region are not independent. The 
interaction between the regions causes most work for enclosures to be done experimentally 
(Warrington and Powe, 1985). Catton (1978), Hoogendorn (1986), and Ostrach (1988) 
provide comprehensive reviews of results available in the literature. 
The rectangular cavity (Figure 2.2) is probably the simplest enclosure geometry; 
consequently, it has been well studied. Incropera and Dewitt (1990) present the following 
two relationships for convective heat transfer in a vertical enclosure 
(H)-1I4 NUL = 0.205Ra~28 L (2.8) 
NUL = 0.1675Ra~·29 (2.9) 
Both Equation 2.8 and 2.9 are reduced versions of the original expressions obtained by 
evaluating them at the Prandtl number of interest, 0.71. Also, the reader should note that 
the characteristic length, L, is not the vertical distance, as in the vertical plate correlations; it 
is the distance between the two vertical walls. Several studies have investigated problems 
similar to the one presented in Figure 2.2. The additional studies have attempted to . 
determine the effects of partitions between the isothermal walls, different boundary 
10 
conditions, and three-dimensional configurations. Unfortunately, most of the work has 
been done at Rayleigh numbers of about 1010. Although not pertinent to this investigation, 
the results are extremely useful for natural convection in buildings (Bohn et al., 1984). 
,/ 
H 
.... 1 . .....-- L ---II"~I 
Figure 2.2 Typical rectangular cavity 
An enclosure configuration of particular interest is that of annuli. Annuli include 
concentric spheres and cylinders as well as any body surrounded by an enclosure. In his 
review of past literature, Ostrach (1988) indicates that several numerical and experimental 
studies have been done on sphere-sphere and cylinder-cylinder configurations. 
Correlations have been determined for concentric geometries. In the study of eccentric 
cylinder-cylinder cases, an interesting result emerged; the Nusselt number was nearly 
independent of both elevation and eccentricity of the inner cylinder. This allowed the 
Nusselt number to be correlated only with the Rayleigh number and the cylinder-to-cylinder 
diameter ratio. 
Two general studies of natural convection between bodies and their enclosure have 
been performed by Powe and Warrington (1983 and 1985). The second study was of 
natural convection between spherical, cylindrical, and cubical inner bodies and a cubical 
enclosure. It includes the important results from the first investigation that used the same 
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inner bodies, but had a spherical enclosure. Four different test fluids were used. The data 
were correlated using various equation forms for each of the geometries. Correlations were 
also determined for all the enclosure data together. The correlation that seemed to fit best in 
all cases was of the form 
NUL =C,RaC (~r Prc, (2.10) 
0.7< Pr < 1.4 X 104 , 1.8 X 103 < RaL < 1.1 x 109 
The characteristic length, L, is defmed as the difference between the radius of a 
hypothetical outer sphere whose volume is equal to the volume of the enclosure (Ro) and 
the radius of an imaginary sphere whose volume is equal to the volume of the inner body 
(Ri). The constants -- Ct, C2, C3, and C4 -- for any inner body-enclosure combination using 
Equation 2.10 are 0.396, 0.234, 0.496, and 0.0162, respectively. For the cube-cube 
configuration only, they are 0.295, 0.249, 0.339, and 0.0217. The same data were 
correlated using the following single parameter equation. 
NUb = c, Ra;c, where Ra; = Rab ( ~ ) (2.11) 
0.7<Pr<l.4xI04 , 2.9 X 109 <Ra~ <3.0xI01O 
The characteristic length, b, is defined as the distance traveled by the boundary layer on the 
inner body assuming no flow separation. The variables, L and Rio are defined as above. 
The constants, Ct and C2, for all geometries are 0.585 and 0.236, respectively. For the 
cube-cube geometry, they are 0.377 and 0.256. 
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3. EXPERIMENTAL APPARATUS AND PROCEDURE 
3. 1 Determination of Experimental Technique 
As in most convective heat transfer studies, the emphasis of this investigation is on 
experimental work. Accurately measuring the convective exchange and separating it from 
the conductive flow through the wall and the radiant exchange from the wall is a delicate 
task. An existing one-dimensional diffusion code, HTIOA, written in FORTRAN by A.M. 
Clausing was used to design the experiment in order to assure success. 
To provide consistency with Laleman's (1992) results and current work for open-
door conditions, it is desirable to use Laleman's experimental apparatus. The apparatus 
essentially consisted of a aeries of aluminum plates in a Styrofoam frame that has been 
attached to the walls of the refrigerator section of a top-mount refrigerator-freezer. 
Laleman's method for determining the heat transfer from each plate was a transient 
technique employed extensively by Clausing et al. (1987). 
Laleman's apparatus and technique were analyzed using HTIOA to determine their 
effectiveness for measuring heat transfer coefficients during closed-door conditions. The 
important details of the simulation are provided in Appendix A.3. The results of the 
simulation indicated that the aluminum calorimeters would not cool fast enough to 
accurately measure the time-dependent temperature gradient A possible solution is to use 
thinner aluminum calorimeters. However, a calorimeter that is sufficiently thin to 
accurately determine the time-dependent temperature gradient would no longer have a 
thermal capacitance that is sufficiently dominant Thus, the transient technique would not 
be adequate for this investigation. 
In order to use the existing apparatus, a steady state technique is employed. The 
key to the technique is maintaining and measuriIig temperatures and heat flow rates. Once 
it was determined that these goals were realistic, a steady state technique to determine 
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convective heat transfer coefficients could be used with confidence. The means for 
accomplishing the steady state experiment are discussed in the following sections. 
3.2 Experimental Apparatus 
The experimental apparatus used in this investigation is almost identical to that used 
in Laleman's (1992) work. A schematic of both the cabinet and cross-section of the cabinet 
wall are shown in Figure 3.1. The numbering scheme for the plates is also shown in the 
figure. The plates on the left and right walls of the cabinet are 5 in. by 8 in. The rear wall 
plates are 5 in. by 12 in. Each plate is instrumented with two type "T" thermocouples, one 
24 gage and one 30 gage, and is made of polished 6061-T6 aluminum. The 0.25 in. thick 
plates are surrounded by 1 in. of Styrofoam to maximize thermal isolation between the 
plates and backed by 0.75" of Styrofoam to minimize the conduction losses from the plate. 
The Styrofoam-aluminum plate walls are affixed to the plastic cabinet liner with duct tape. 
The apparatus description to this point is exactly the same as in Laleman (1992). 
The changes made to the apparatus will now be the focus. The critical alteration made to 
the apparatus is the mounting of a foil heater to the back of each aluminum plate. The 
heaters, made by Minco Corporation, are insulated with Nomex and are mounted using a 
factory-applied, pressure-sensitive adhesive. Another important addition to the apparatus is 
the ability to record local surface temperatures of the steel cabinet. Four 36 gage, type "T" 
thermocouples were attached to the middle of each row of aluminum plates on each wall for 
a total of 12 steel skin temperature readings. Row 1 consists of the bottom plates (7, 8, 15, 
16,23, and 24), and row 4 is comprised of the top plates (1, 2, 9, 10, 17, and 18). Rows 
2 and 3 are defined analogously. 
A necessary modification for getting a broad range of Rayleigh numbers is the 
addition of slots between each row of plates. The slots permit an artificial ceiling to be 
installed above any row of plates. The artificial ceiling consists of a 0.25" thick piece of 
foil-faced insulation, which fits in the slots, and a 4" thick block of foam insulation. The 
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Figure 3.1 Schematic of the cabinet with wall cross-section 
insulated ceiling acts as an approximately adiabatic boundary. To attempt to achieve the 
same boundary condition for the floor, the crisper bins were removed and replaced with 
foam instJIation. The final addition that has to be made for the steady state experiment is 
something to maintain the inside ambient temperature. Containers of ice-water mixtures are 
used. The containers are covered with aluminum foil to provide a low emissivity surface. 
Two of the containers are equipped with a 36 gage, type "T" thermocouple to measure the 
average surface temperature of the containers. Figure 3.2 shows two photographs of the 
experimental setup for a 3 level test (rows 1,2, and 3 in the enclosure). It shows the floor 
and ceiling insulation and the ice containers. The setup shown is typical of a test for any 
number of levels. A listing of the orientation used in each run - including enclosure height, 
amount of ice, and orientation of the ice containers - can be found in Appendix B.2. 
A few minor improvements are required to reduce the radiative heat transfer within 
the cabinet First, the aluminum plates are re-polished to remove some of the fIlm that had 
built up on the plates. Next, the exposed plastic surfaces of the door and ceiling are lined 
with a low emissivity aluminum-coated Mylar fIlm. Finally, the duct tape used to mount 
the instrumented walls is slightly reflective as opposed to the dull, gray finish of standard 
duct tape. 
3.3 Data Acquisition and Control System 
Due to the expensive nature of data acquisition and control systems, a system 
constructed for past investigations is used for this study. A few upgrades and additions 
were made to the system to accommodate current and future investigations. The current 
system and its improvements are described on the following sections. The information is 
gathered from both the original equipment manuals and from Skaggs (1993), who provides 
a fairly detailed explanation of the original system. A schematic and two photographs of 
the data acquisition and control system are provided in Figures 3.3 and 3.4, respectively. 
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Figure 3.2 Photographs of a typical experimental setup 
17 
D 
a 6H-P a e H-P - Analog GAlEWAY I I ~:~o: - """/I""" /I 1----. iii ---E)E) iii ---E)E) 
I~~G)~~I 
Sorensen 
I?~Q~~I 
Sorensen 
Power Supply lee G) ~ lila I - Current and 
S:ense~ Voltage Signa1s 
a 
Jl 
Computer Interface 
Keithley Data 
Acquisition Chasis 
~ I • ~ 
I:J I:J 
I:J I:J 
I:J I:J 166 G) G) 
Sorensen 
Q a ~I Thermocouple ~ I:J I:J 
Junction Box I:J I:J 
I 
11WIation Relays I -: 
" be, be be, be be, be 
Thermocouples I 
-i i -i i -i i 
" I 00000000 00000000 00000000 ~ 
.I..-.. HDigital Control Signals r-I 00000000 00000000 00000000 I~ 
,.rr~~~~~~~rrr II Analog Outputs to Heaters I 
P' ",r""""",,, ,,,, 
Figure 3.3 Schematic of the data acquisition and control system 
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3.3.1 The Computer and Data Acquisition Chassis 
The data acquisition hardware consists of a Gateway 2000 4DX2-66V mM 
compatible computer and a Keithley 50DA data acquisition chassis with seven expansion 
cards or modules installed. The computer was upgraded from the original machine to allow 
more computationally intensive work to be performed without fear of memory limitations. 
The new computer has a 486DX2 processor running at 66 MHz internally and 33MHz 
externally, 8 MB of RAM, a 340 MB hard drive, a VESA local bus video card, and eight 
total expansion slots. The 50DA communicates with the computer through an interface card 
located in one of the expansion slots. 
The 500A provides a flexible and expandable data acquisition system by supporting 
a variety of digital and analog input and output modules. Currently, seven of the chassis' 
ten available expansion slots are occupied by the following modules: an Analog Master 
Measurement Module (AMM2), an Analog Input Module (AIM3A), and five Thermocouple 
Analog Input Modules (AIM7's). The AMM2's primary function is to provide analog to 
digital conversion for all other modules. It also has inputs that are used for measuring the 
current supplied by each of the power supplies. The AIM3A provides 32 single-ended or 
16 differential analog inputs, which are used to measure the voltage of each power supply. 
The five AIM7 modules give a total of 80 thermocouple inputs. Each module has 
the ability to read 16 thermocouples of any type in any combination. Each AIM7 board has 
its own reference temperature. To provide ease of access to these boards and sharing of 
them between investigations, a thermocouple junction box is attached to the boards. Thus, 
the thermocouples from each experimental apparatus are connected to the system through 
this junction box. 
3.3.2 Power Supplies and Relays 
Four Sorensen direct current power supplies are used to supply power to the foil 
heaters attached to the back of each aluminum plate. Each power supply is rated at 0 to 150 
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Volts at a maximum of 10 Amps. To keep the power used and the heat generated by the 
power supplies low, each row of aluminum plates is connected to a different power supply. 
With this configuration, the six heaters attached to an individual power supply draw a 
maximum of 4 Amps at 15 Volts. 
The functionality of the power supplies in the data acquisition system is controlled 
by several different sources. As mentioned previously, the AMM2 and the AIM3A of the 
Keithley data acquisition chassis measure each power supply's current and voltage, 
respectively. In addition, the power supplies are isolated from the outside world by high 
duty relays which are controlled a PSDIO-8 board installed in one of the computer's 
expansion slots. The isolation relays can be used to protect equipment from power surges. 
Finally, the power supply voltage can be regulated by PID control using a DDA06 
expansion card plugged into the computer. The voltage may also be changed manually if 
the DDA06 board is not referenced by the data acquisition program. 
The power supplied to each heater is controlled by one of two Digital Input and 
Output (DID) boards. The DID boards provide on/off control by comparing a measured 
value with a set point. Both DID relay racks have 24 on/off switches. The first rack is 
rated at 5 to 200 Volts at a maximum of 1 Amp, while the second is rated at 5 to 60 Volts at 
a maximum of 3 Amps. Either of these racks are adequate for controlling the heaters used 
in this experiment. However, because of some defective relays, the heaters on the rear 
plates and the heaters on the left and right plates are connected to the first and second DID 
relay racks, respectively. All of the relays are controlled by two PIO-12 expansion cards in 
the computer. 
3.3.3 Data Acquisition Software 
In addition to upgrading the computer system, the data acquisition software and 
operating system were updated. The current software is Labtech NotebooklXE version 7.0 
running in Microsoft's Windows 3.1 environment. This is an improvement over the 
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standard version of Notebook running under DOS. The enhanced (XE) version offers the 
ability to have more data acquisition and control channels. NotebookIXE has a 
iconographic interface to allow programming ease and understanding of relationships 
between channels. The primary benefit of running in Windows is the destruction of DOS's 
memory (RAM) problems. In addition, it provides a friendly graphical user interface. 
3. 4 Experimental Procedure 
3.4.1 Apparatus Preparation 
During and between all of the experiments, the refrigerator is left off. As a result, 
heat gains or losses caused by the refrigerator system are eliminated. Since the effects of 
the system on the natural convection in the cabinet are unknown, the elimination of system 
effects is a benefit Also, the door remains open while not testing. Having the door open 
allows the plates to remain near the ambient temperature which is set with the room 
thermostat This aides in achieving steady state. 
The first step in setting up the cabinet for an experiment is to install the artificial 
ceiling at the desired leve1. Next, the containers of ice are put in the proper arrangement on 
the floor of the cabinet With the door open, the ice is allowed to melt slightly and to cool 
the floor. The slightly melted ice provides a heat sink that will maintain a constant 
temperature for several hours. It is necessary to cool the floor, because it has a steady state 
temperature much less than the ambient temperature. After coo:ting the floor adequately, the 
refrigerator is closed. 
3.4.2 Steady State Establishment 
After preparing the apparatus, the data acquisition program is run and the power 
supplies are turned on. The first two minutes of the run sets the power supplies to the 
desired voltage. The next 1.5 hours is used to establish steady state. During this time, 
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each aluminum plate is maintained within 0.1 K of its corresponding steel skin temperature 
by heating the plate intermittently. The difference between the two temperatures is the set 
point used by the digital relays to control the power supplied to each plate's heater. 
The goal of having the plates at the steel skin temperature is to eliminate the 
temperature gradient through the cabinet wall. Thus, the conduction from the aluminum 
plates can be neglected. Since the insulation between the aluminum plates and the steel skin 
is effectively heated from both sides, the characteristic length to consider for determining 
the time constant of the insulation is one-half the thickness of the insulation. At 300 K, this 
time constant is approximately 25 minutes. The nearly 4 time constants provided in 1.5 
hours are plenty to minimize temperature gradients through the wall and establish steady 
state. 
3.4.3 Data Collection 
After establishing steady state, data can be collected. Data are acquired for one 
hour. A description of each channel in the data acquisition program and a table showing 
the channels associated with each plate are provided in Appendix B.I. During a run, the 
program controls the apparatus while recording the data. It also processes some data in 
order to decrease the size of the data files. Each of the thermocouple inputs is sampled 
every second and then block-averaged every 5 seconds. The two block-averaged readings 
for each plate are then arithmetically averaged. It is this block-averaged average 
temperature that is recorded for each plate. An identical block-averaging scheme is used for 
the voltage readings. Besides the voltage and temperature measurements, the on/off time of 
each digital relay is recorded. The data are saved in four files: a plate temperature file, a 
power supply voltage file, a relay on/off file, and a miscellaneous temperature file. 
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4. DATA ANALYSIS 
4. 1 Introduction 
The governing equation for the steady state experiment is 
(4.1) 
where qin is the heat input to the plate and qcond' qc' and ~ are the plate heat losses by 
conduction, convection, and radiation, respectively. The conduction loss from each plate is 
eliminated by heating it to the steel skin temperature; therefore, qcond = O. If convective 
(hc) and effective radiative (hr) heat transfer coefficients are introduced, Equation 4.1 can 
be reduced to 
(4.2) 
The difference of the plate and ice temperatures is used, because it is the driving potential 
for the problem. Also, the interior ambient temperature varies throughout the enclosure and 
occurs as a result of the plate and ice temperatures. The sum of the convective and effective 
radiative heat transfer coefficients is the effective heat transfer coefficient, he. Thus, he is 
easily calculated with the average power input and temperature data. If hr is estimated, the 
convective heat transfer coefficient, he, can be calculated by subtracting hr from he. 
The process of extracting the convective heat transfer coefficient of each plate from 
the raw data is performed by two data reduction computer programs, A VERAGER.XLM 
and REDUCER. REDUCER also calculates wall averaged quantities, including Nusselt 
and Rayleigh numbers, which are important for correlating the data. The results are then 
modeled using NLLS, a non-linear least squares curve fitting program. Each of the steps is 
described in the following sections. 
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4.2 Microsoft Excel Macro A VERAGER.XLM 
In a steady state experiment, only the time-averaged data are required to calculate 
any quantity of interest. In addition, the data files created by the data acquisition program 
are quite large. To facilitate moving only the necessary data to the Apple Macintosh TIci, 
used when running REDUCER, the Microsoft Excel macro A YERAGER.XLM is used to 
reduce the four raw data mes to a single me containing only the time-averaged temperature 
and heater power data. 
The plate temperatures are time-averaged for each plate of the enclosure. The 
average ice temperature is calculated by averaging all the data collected from the two 
thermocouples attached to ice containers. The average floor temperature is similarly 
determined by averaging the four thermocouples in the floor. 
Calculating the average power input to each plate is slightly more complicated. 
First, the power supply voltage me and relay on/off file are merged, so the information 
needed to determine power resides in one me. The power at each time step is calculated for 
each plate using 
. y2 
Power = heater 
Rheater 
(4.3) 
where Yheater and Rheater are the voltage across and the resistance of each plate's heater, 
respectively. The resistances were found with an ohmmeter and can be considered constant 
over the temperature range considered. The voltage across each heater is determined by 
subtracting the voltage loss at the on/off relay from the power supply voltage and 
accounting for the additional resistance of the heater lead wires. With the voltage and 
resistance known, the power can be calculated ~sing Equation 4.3. The power is 
multiplied by a zero (oft) or one (on) depending on the output of the on/off relay. Once the 
power at each time step is determined, a time-averaged power input to each plate (qin) is 
calculated. 
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All time-averaged data are saved to one fIle (named DATA<run number>.CSV). 
The new reduced data fIle is simply a small, comma-delimited text fIle. This output file 
becomes the primary input fIle for the computer program REDUCER. A source code 
listing of the A VERAGER.XLM Excel macro is in Appendix C.l. 
4.3 Computer Program REDUCER 
The computer program REDUCER completes the remainder of the data reduction. 
The goal of the code is to take the reduced data from A VERAGER.XLM and produce 
average convective heat transfer coefficients for each plate, as well as wall-averaged 
Nusselt and Rayleigh numbers. REDUCER is written in True Basic and is run on an 
Apple Macintosh lIci. 
The first step is to calculate the effective heat transfer coefficient, he, for each plate 
using Equation 4.2 and the reduced data from A VERAGER.XLM. Next, average wall 
temperatures, T w, are calculated by averaging the temperatures of each plate on a given 
wall. The wall temperatures are needed for the calculation of other wall-averaged quantities 
used to correlate the data. Also, two geometric parameters that affect the average heat 
transfer on a wall are calculated. The fIrst is a ratio of the vertical surface area of the 
smallest hypothetical box that encloses the ice confIguration to the sum of the vertical wall 
surface areas (Aice/ Aw). The second is a ratio of the ice container volume to the enclosure 
volume (Vice!Vw). 
The radiative contribution to heat transfer is tackled next The simplifying 
assumptions of gray, diffuse surfaces and uniform radiosity on individual surfaces are 
made. A total of seven individual surfaces are defined for this problem, one of each of the 
following: left wall, right wall, back wall, door, floor, ceiling, and ice. SCRIPTF, a True 
Basic subroutine written by Pedersen (1993), produces a matrix called the script F factor, 
SF. This term is calculated using the wall areas, the view factors, and the emissivities. 
The view factors needed are calculated separately using VUFIND (Appendix C.2), a 
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program for detennining the view factor between two arbitrarily sized parallel or 
perpendicular rectangles. The script F factor is used to calculate the radiative heat flux from 
each plate according to 
n 
q". = """(SF .. )CJ(T~ -T~) r,1 £.. I,J 1 J (4.4) 
j=l 
where i represents the wall in question and n is the total number of surfaces in the 
enclosure. The radiative heat transfer coefficient for each wall is then given by 
" h . = qr,i 
r,1 (T -T ) 
1 lee 
(4.5) 
With the radiative correction detennined, the quantities of interest, specifically 
convective heat transfer coefficients and Nusselt and Rayleigh numbers, can be calculated. 
First, the convective heat transfer coefficient for each plate in the enclosure is detennined 
by subtracting the radiative coefficient for the plate's wall from the effective coefficient for 
the plate. The convective heat transfer coefficient for each wall, hw, is found by averaging 
the convective heat transfer coefficients of each plate on the wall. All plate convective heat 
transfer coefficients are averaged with a surface area weighting to yield an enclosure 
averaged convective heat transfer coefficient, havg. Nusselt and Rayleigh numbers are 
calculated for each wall and the enclosure using Equations 4.6 and 4.7, respectively. The 
characteristic length chosen is the enclosure height, H. 
Nu= hw H 
kf 
Ra = gf3(Tw -2Tice)H3 Pr 
v 
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(4.6) 
(4.7) 
The fluid properties are evaluated at a mean temperature using the subroutine GASPT. The 
mean temperature, T m, is defined as 
(4.8) 
Finally, two output files are generated. The first (answer<run numbeD. txt) 
contains the geometric parameters of the run, the plate and wall convective heat transfer 
coefficients and temperatures, the radiative heat transfer coefficients, and the Nusselt and 
Rayleigh numbers. One of these summary files is created for each run. The second file 
(reduced.csv) is a comma-delimited file containing the geometric parameters and the 
Rayleigh and Nusselt numbers for the enclosure. This file is updated after each run is 
reduced. It is used in the modeling of the data. A source code listing of REDUCER is 
provided in Appendix C.3. 
4.4 Computer Program NLLS 
The computer program NLLS performs non-linear least squares curve-fitting. It 
was written by Pedersen (1993) and modified by the author. NLLS determines the fit 
using a Gauss-Newton technique. Any function can be specified for the curve fit. The 
user also determines the accuracy of the solution by specifying both the maximum 
allowable error for the constants and the maximum number of Gauss-Newton iterations to 
perform. The program outputs the values for the constants and some regression statistics 
including the minimum, average, and maximum percentage deviation and the coefficient of 
determination, R2. Coefficient of determination values range from zero to one. A value of 
one indicates a perfect fit, while a value of zero indicates no correlation. The coefficient of 
determination is defined by Equation 4.9 (Chapra and Canale, 1988). In t.b.e equation, an 
overbar indicates the average of the actual and a hat indicates the value from the regression. 
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(4.9) 
In this study, the NLLS program is used to model the Nusselt number as a 
nonlinear function of the Rayleigh number and either a surface area ratio or a volume ratio. 
More details about the curve fits used are provided in the next chapter. A source code 
listing of NLLS is provided in Appendix C.4. 
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5. EXPERIMENTAL RESULTS AND DISCUSSION 
5.1 Typical Experimental Data 
Figure 5.1 presents the temperature of plates 1 and 2 (see Figure 3.1), the steel 
skin (or set point) temperature for the two plates, and the average ice temperature. The 
data in the figure are taken from Run 15. The trends shown in the plot are representative 
of those for any plate in any run. The plot indicates that the temperatures are stable over 
the run. The plate temperatures are maintained within approximately 0.3 K of the steel 
skin temperature. In fact, the mean of either plate temperature differs by only 0.1 K from 
the mean of the steel skin temperature. Although the difference in mean plate and steel 
skin temperatures leads to conduction through the wall, this component amounts to less 
than one percent of the total heat transferred from a plate. 
The power input to plates 7 and lOin fifteen minute intervals is shown in Table 
5.1. As with Figure 5.1, the data are taken from Run 15, and the trends are similar for 
any plate in any run. The table shows that the power input to a plate is relatively constant 
even in fifteen minute intervals. Thus, the one hour data run time should yield accurate 
values for the average power input to a plate. The combination of steady temperatures 
and power input levels lead to a high level of confidence in the steady state experiment. 
Figure 5.2 shows the temperature distribution of the aluminum plates for Run 15. 
Only the temperature data for the odd-numbered plates are presented because the even-
numbered plate have the same values. The graph indicates that there are temperature 
difference between the walls. The left wall tends to be about 1 K warmer than either of 
the other walls. It is believed that this is a result of the proximity of the warm data 
acquisition and control unit to the refrigerator. There also is some very mild stratification 
on each wall. Overall, the temperature differences between individual plates and walls 
are small enough to allow all plates to be modeled as one isothermal surface. Similar 
results are found for all of the runs. 
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Table 5.1 Typical power input data in 15 minutes intervals 
Average Power Input (W) 
Time Interval (min.) Plate 7 Plate 10 
0-15 2.41 0.36 
15 - 30 2.48 0.39 
30-45 2.48 0.36 
45 -60 2:51 0.32 
Average (0 - 60) 2.47 0.36 
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5.2 Average Convective Heat Transfer Coefficients 
5.2.1 Plate Coefficients 
The average convective heat transfer coefficient of an individual plate in this 
investigation depends on its location and the configuration of the experiment (i.e. the 
enclosure height, the ice configuration, and the amount ofice). Table 5.2 lists the 
minimum, maximum, and average heat transfer coefficients for each plate over all runs. 
Figure 5.3 presents the coefficients of each plate for Run 15. Both Table 5.2 and Figure 
5.3 provide insight into the expected trends for the convective heat transfer coefficients. 
The most noticeable trend is symmetry. Both left-right symmetry and symmetry about 
the center-line of any wall and is seen in the coefficients. For instance, plates 7,8, 15, 
and 16 have values within about ten percent of each other. This can also be seen by 
32 
comparing plates on the back wall, such as plates 17 and 18. Besides symmetry, it is also 
apparent that convective heat transfer coefficient decreases as the distance up a wall is 
increased. Specifically, the coefficient decreases from 4.2 to 0.6 between plates 7 and 1 
in Run 15. This is not surprising considering the hot plates are exposed to a cold fluid. 
The increasing boundary layer thickness and air stratification cause the upper plates to be 
exposed to a smaller temperature difference. As a result, they have lower coefficients. 
Table 5.2 Convective heat transfer coefficient ranges for individual plates [W/m2-KJ 
Plate Number Minimum he Maximum he Averagehc 
1 0.59 0.88 0.72 
2 0.49 0.76 0.61 
3 0.92 1.65 1.18 
4 0.81 1.55 1.09 
5 0.78 2.78 1.63 
6 0.66 2.57 1.44 
7 2.51 4.59 3.51 
8 2.47 4.66 3.55 
9 0.40 0.63 0.51 
10 0.40 0.69 0.56 
11 0.76 1.46 1.04 
12 0.78 1.51 1.01 
13 0.68 2.68 1.46 
14 0.72 2.98 1.54 
15 2.55 4.88 3.64 
16 2.66 5.09 3.74 
17 0.34 0.75 0.51 
18 0.31 0.71 0.49 
19 0.74 1.69 1.05 
20 0.73 1.55 1.07 
21 0.53 2.42 1.29 
22 0.57 2.46 1.33 
23 2.35 4.34 3.29 
24 2.40 4.34 3.31 
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Figure 5.3 Typical convective heat transfer coefficient distribution 
5.2.2 Wall Coefficients 
Since all plates are relatively isothermal, each wall and all walls combined can be 
considered as an isothermal surface. This permits the calculation of average wall and 
enclosure convective heat transfer coefficients. Table 5.3 lists the coefficient ranges and 
averages found for each wall and the enclosure over all runs. In calculating the average 
enclosure coefficient, havg , the individual plate coefficients are averaged with an area 
weighting. Thus, the back wall coefficients are weighted more than the coefficients for 
either the right or left walls. The left-right symmetry seen in Table 5.2 and Figure 5.3 is 
also evident in this table. The other important finding is that the back wall tends to have 
a lower heat transfer coefficient than the side waIls. The difference between the back and 
side wall coefficients is usually about ten percent. Despite this small difference, it inakes 
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sense to consider the average enclosure coefficient. The enclosure value can serve as a 
guideline for the heat transfer coefficient of any wall. 
Table 5.3 Convective heat transfer coefficients for each wall [W/m2-K] 
Wall Minimum he Maximum he Averagehc 
Left 1.61 2.94 2.34 
Right 1.65 3.13 2.39 
Back 1.47 3.00 2.16 
Enclosure 1.56 3.02 2.27 
Experiments were run to determine the effect of enclosure height and contents 
(ice) configuration on the convective heat transfer coefficient. The contents configuration. 
is defined by both the amount of contents, or number of ice containers, and the spacing of 
the contents. The heat transfer coefficient results are presented in Table 5.4. For 
comparison purposes, Runs 4 through 6 serve as a baseline. The data show that as 
enclosure height increases, the convective heat transfer coefficient decreases. This is 
indicative of something other than turbulent flow, because the coefficients should be 
independent of height in turbulent flow. The table also shows that increasing the amount 
of contents increases the convective heat transfer coefficients. The increase may be 
attributed to the increased contents surface area or the increased contents volume. 
Finally, two effects are found for the contents spacing. Initially, an increase in contents 
spacing leads to an increase in convective heat transfer coefficient. However, as the 
spacing is increased further, the coefficients remain relatively constant. These trends 
clearly indicate an exposed surface area effect. In other words, the surface area available 
for heat transfer increases when the contents are spaced from an initial compact 
configuration. However, spacing the contents further does not result in an increase in 
surface area for heat transfer. 
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Table 5.4 Enclosure heat transfer coefficient trends 
Enclosure / Contents Description (Run #s) havg [W/m2-K] 
Baseline (4-6) 2.03 
Decreased enclosure height (1-3) 2.72 
Increased enclosure height (14-16) 1.95 
Fewer ice containers (24-25) 1.60 
More ice containers (28-29) 2.61 
Ice containers spaced 2 in. (20-21) 2.23 
Ice containers spaced 4 in. (22-23) 2.27 
5.3 Modeling of the Heat Transfer Results 
For the remainder of the results discussion, the Nusselt number presented will be 
based on the enclosure heat transfer coefficient, havg • In addition, the data will be split 
into two subsets. The first subset, the "Rayleigh" data, contains data in which the 
Rayleigh number was altered by increasing the enclosure height or the temperature 
difference. The runs included in this set attempt to minimize the effect of the contents by 
keeping the surface area and volume ratios nearly constant. All other runs are placed in 
the second subset, the "Contents" data. This set includes the runs with either the number 
of ice containers or the container spacing changed, while the height is held constant. 
5.3.1 Nusselt Versus Rayleigh Number 
In log-log space, the "Rayleigh" data are nearly linear. Thus, the data can be 
modeled with a power law correlation as given by 
Nu =cRam (5.1) 
The Nusselt and Rayleigh numbers are given by Equations 4.6 and 4.7, respectively, with 
the properties evaluated at the mean of the contents and wall temperatures. The result of 
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this curve fit is given in Table 5.5. The curve fit is plotted along with the data in Figure 
5.4. As shown, the fit tends to overpredict the results at Rayleigh numbers of about 6 x 
107 . This may be the result of a flow transition. Specifically, the data below Ra = 108 
can be represented with smaller Rayleigh number power (m) than the data above this 
point. However, this possible transition can not be proven, because there is not enough 
data near it to warrant that conclusion. Also, the current apparatus is somewhat rigid in 
the Rayleigh numbers it can achieve making a possible transition very difficult to verify. 
Despite the confusion concerning a possible transition, the curve fit is quite successful, as 
it has a coefficient of determination of 0.968. 
All data are also fit with Equation 5.1. The results of this fit are presented in both 
Table 5.5 and Figure 5.5. The correlation performance is shown in Figure 5.6 by plotting 
the predicted value versus the measure value. Figure 5.5 shows trends similar to those 
found when plotting only the "Rayleigh" data. However, the addition of the "Contents" 
data does lead to a significant change: a spread of Nusselt numbers develops at a 
Ray leigh number of about 6 x 107• This is caused by the varying heat transfer 
coefficients found when the contents configuration is changed. The Rayleigh number 
remains constant, because the enclosure height and the temperature difference are held 
constant for the "Contents" data. As a result, a range of Nusselt numbers is formed at a 
relatively constant Rayleigh number. Thus, the contents have an influence on the results. 
Despite the obvious effect of contents, the fit presented does well in representing the data, 
as the correlation of determination is 0.939. 
Table 5.5 Constants and statistics for Nusselt versus Rayleigh correlations 
Data Subset c m ;Average % Maximum R2 
. deviation % deviation 
"Rayleigh" data 0.200 0.273 6.4 13.9 0.968 
All data 0.188 0.275 7.9 43.4 0.939 
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5.3.2 Geometric Parameter Correlations 
As stated in the previous section, the contents of the enclosure affect the heat 
transfer from the vertical walls. Originally, no further explanation of the effect of the 
contents was to be determined. However, the coefficient trends were consistent enough 
to suggest a correlation for all data of the form 
(5.2) 
where P is a non-dimensional geometric parameter explaining the relationship of the 
contents to the enclosure. Numerous attempts were made at determining a satisfactory 
parameter to use. The potential parameters varied in both success, significance, and 
practicality. In the end, two parameters prevailed: an area ratio (Aice/Aw) and a volume 
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ratio (V icefV w). The area ratio is defined as the ratio of the vertical surface area of the 
smallest hypothetical box that encloses the contents to the surface area of the 
instrumented walls of the enclosure. This parameter has significance because the rate of 
heat transfer is proportional to area in many problems. In general, the Nusselt number is 
. introduced, because it is relatively independent of area. However, in this investigation, 
the Nusselt number is expected to be dependent on the area ratio because the area of the 
contents influences the ambient temperature of the air within the enclosure. Since the 
definition of the convective heat transfer coefficient is based on the difference between 
the wall and contents temperatures, a decrease in the interior ambient temperature causes 
an increase in the heat transfer coefficient. The volume ratio is the volume of the 
contents divided by the volume of the enclosure. This ratio, similar to the area ratio, is 
expected to affect the Nusselt number because the contents influence the interior ambient 
temperature. Also, this ratio is the fraction of the enclosure occupied by the contents, a 
number used in the refrigeration industry to defme cabinet loading. 
The results of modeling all data, including the "Rayleigh" and the "Contents" 
data, with Equation 5.2 using either of the geometric parameters are presented in Table 
5.6. The table shows that adding a geometric parameter to the model yields improved 
prediction performance over the model given by Equation 5.1 (Table 5.5). Specifically, 
the average and maximum percent deviation decreased, and the coefficient of 
determination increased. Figures 5.7 and 5.8 show the model accuracy when using the 
area parameter and the volume parameter, respectively. If these figures are compared to 
Figure 5.6, the improvement gained by adding a geometric parameter is seen graphically. 
The independent variable domains covered by the correlations are shown in Equation 5.3. 
Despite the broad ranges for the geometric parameters, it should be noted that the 
contents height was always within fifteen percent of the enclosure height. 
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Table 5.6 Constants and statistics for the geometric parameter correlations 
Geometric 
Parameter, P 
AicelAw 
VicelVw 
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Figure 5.7 Area parameter model accuracy 
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Figure 5.8 Volume parameter model accuracy 
5.4 Comparison to Previous Results 
Since the characteristic length chosen for this study is the enclosure height, 
comparing the results to those for vertical plates and comers is straightforward. Clausing 
and Kempka's (1981) correlation for vertical plates (Equation 2.3) is chosen for 
comparison. Rodighiero and de Socio's (1983) experimental result is selected for the 
comer relationship (Equation 2.5). The results of the comparison are shown in Figure 
5.9. The figure indicated that the Nusselt number results for this study are about half of 
those found in either of the other investigations. This difference can be attributed to the 
separation of the flow from both the top and bottom of the wall. Another cause may be 
the use of different reference temperatures. In the vertical plate and comer studies, the 
reference temperature is the f11.m temperature; however, in this investigation, the 
.-
reference temperature is the mean temperature (Equation 4.8). 
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Comparison to correlations for enclosures is somewhat difficult, because the 
characteristic length used in most enclosure studies is the distance between the hot and 
cold surfaces. In this investigation, the distance between the walls and the contents is not 
well defined, as it varies throughout the enclosure. However, if an effective gap width is 
defmed and used for the characteristic length as Warrington and Powe (1985) did, the 
results of this study can be compared with their investigation of convective heat transfer 
between bodies and their enclosure. The effective gap width, L, is calculated by taking 
the difference of the radii of the two spheres having the same volume of the enclosure and 
of all the contents combined. 
After the new characteristic length is determined, a new Nusselt number based on 
this length is calculated. These new Nusselt numbers are compared to those predicted by 
Warrington and Powe's correlation for a cube-cube geometry (Equation 2.10). The 
values predicted by the model had to be multiplied by the ratio of the contents area to the 
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enclosure area, because their correlation applies to the heat transfer from the inner body, 
not the enclosure. This area ratio correction to their correlation can be assumed, because 
there are only two participating surfaces in their study, the inner body and the enclosure. 
In other words, the heat transferred from the inner body surface is equal to the heat 
transferred to the enclosure surface. 
Figure 5.10 compares the actual data to the data predicted by the correlation. The 
plot indicates that the correlation tends to under-predict the actual results. This effect 
may be explained by considering the value of the convective heat transfer coefficient for 
the enclosure. In this investigation, enclosure coefficient is an area-weighted average of 
the coefficients for each vertical wall. However, in Warrington and Powe's study, the 
heat transfer from the enclosure included the effect of horizontal surfaces. Since 
horizontal surfaces have lower convective heat transfer coefficients than vertical plates 
when exposed to the same conditions, the enclosure coefficient and the Nusselt number 
for the enclosure must be smaller in Warrington and Powe's study. 
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6. CONCLUSIONS AND RECOMMENDATIONS 
The following conclusions are drawn from this investigation: 
(1) The convective heat transfer coefficients for the vertical walls range from 1.47 to 
3.13 W/m2-K (0.259 to 0.551 Btulh-ft2-F). Since there is little variation between 
walls, an area-weighted average convective heat transfer coefficient for the 
enclosure is defined. It ranges from 1.56 to 3.02 W/m2-K (0.275 to 0.532 
Btu/h-ft2_F) with an average of 2.27 W/m2-K (0.400 BtuIh-ft2-F). 
(2) The convective heat transfer coefficients are affected by the enclosure height as 
well as the contents configuration. Increasing the cabinet height decreased the 
coefficients. Increasing either the amount or spacing of the contents leads to 
increased convective heat transfer coefficients. However, the contents spacing 
effect is nearly eliminated at large spacing. 
(3) The Nusselt number for the enclosure, based on the enclosure convective heat 
transfer coefficient and enclosure height, is successfully correlated (R2 = 0.939) to 
the Rayleigh number by 
Nu = 0.188Rao.275 (6.1) 
(4) Two empirical models to predict the Nusselt number for the enclosure including 
the effects of the contents configuration are derived. The first (Equation 6.2) 
includes an area ratio parameter, while the second (Equation 6.3) uses a volume 
ratio parameter. Specifically, 
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( )
0.377 
Nu = O.170Rao.291 i:e (6.2) 
( )
0.212 
Nu=O.304Ra°.271 ~: (6.3) 
The addition of either parameter improves prediction performance in comparison 
to the simple power law correlation (Equation 6.1). Despite the success of the 
correlations, more data should be taken so that a wider range of contents 
configurations can be modeled. 
(5) The volume ratio parameter correlation should be especially useful for refrigerator 
manufacturers, since they define a cabinet loading as the faction of the 
compartment occupied by the contents. The correlation can be used for 
determining a realistic average convective heat transfer coefficient from the 
refrigerator walls. 
(6) The convective heat transfer coefficient from the walls is about half the heat 
transfer coefficient from a vertical plate in a free stream under the same 
conditions. If this low convective heat transfer were combined with a low 
emissivity refrigerator cabinet lining, a significant increase in the thermal 
resistance between the walls and the contents could be realized. This increase 
would reduce the heat gained through the cabinet walls by approximately ten to 
twenty percent. 
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APPENDIXA. DETAILS OF PRELIMINARY WORK 
This appendix contains the details of the work completed prior to the 
experimental work. Specifically, the motivation for this study was determined using 
FrigWall. Section A.llists the source code, and Section A.2 contains the results from the 
simulations. In addition, HT20A was used to select a suitable experimental technique. 
The details of the simulations done with HT20A are in Section A.3. 
A.t FrigWall Program Listing 
C**PROGRAMFrigWall--Steady-State Heat Conduction with Convective and 
C**Radiative Heat Transfer from interior and exterior surfaces. 
C** Programmed by A.M.CLAUSING 
LOGICALSI 
DIMENSION RA(2),XNU(2),R(2),H(2),HR(2), TF(2), TW(2),DT(2) 
COMMON A,XL W,XLC(2),HC(2),T(2),XKW,BETA,NMAX,SI,E(2),SIGMA 
C**Determine direction of output, read and print input data 
NCASE=1 
1 CALLDATAIN(NCASE,IUOUT) 
NCASE=NCASE+ 1 
QOLD=.O 
TW(l)=T(l)+.1 *(T(2)-T(l» 
TW(2)=T(2)-.1 *(T(2)-T(I» 
C**Calculate wall resistance 
RW=XLWIXKW/A 
DO 3, N=I,NMAX 
DO 5 J=I,2 
C**Calculate the radiative equivalent heat transfer coefficients 
HR(J)=SIGMA *E(J) * (T(J) * *2+ TW(J)**2)*(T(J)+ TW(J» 
C** Calculate the film temperatures 
TF(J)=(T(J)+ TW(J»/2. 
C**Calculate the convective heat transfer coefficients 
CALL GASPT(I,TF(J),RHO,XMU,XK,CP,GRB,PR,IER) 
DT(J)=ABS(TW(J)-T(J» 
RA(J)=PR*GRB *XLC(J) **3 *DT(J) 
IF(RA(J).LT.l.E9) THEN 
XNU(J)=O.52*RA(J)** .25 
ELSE 
XNU(J)=.09*RA(J)** .3333 
ENDIF 
H(J)=XNU(J)*XKlXLC(J) 
IF(HC(J).NE .. O) H(J)=HC(J) 
C**Calculate surface resistances 
R(J)=I.1(H(J)+HR(J»/A 
5 CONTINUE 
C**Calculate total resistance, heat flow rate, and surface temperatures 
RT=R(l)+R(2)+RW 
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Q=(T(2)-T(l))IRT 
TW(l)=T(l)+Q*R(l) 
TW(2)=T(2)-Q*R(2) 
C**Check for convergence. If solution has converged, exit loop. 
ERRQ=ABS(Q-QOLD)* 1oo.lQ 
QOLD=Q 
IF(ERRQ.LT .. 05) GOTO 7 
3 CONTINUE 
7 WRITE(IUOUT,101)Q,ERRQ,(H(J),HR(J),RA(J),XNU(J),TW(J),DT(J),R(J)IRT, 
2 J=1,2) 
101 FORMATC' Q =',F6.1,' W',lOX,'ERRQ =',F5.2,' %'1!f12,'hconv',T22,'hrad',T33, 
2 'Ra',T44,'Nu',T52,'Tsur',T62,'DeltaT',T72,'RlRtot'!f10,'[W/m2-K]',T20, 
2 '[W/m2-K]',T53,'[K]',T63,'[K]'/' Inside:',F7.2,F9.2,E13.3,F9.1, 
2 FlO.1,F9.1,F11.31' Outside:',F6.2,F9.2,E13.3,F9.1,FlO.1,F9.1,F11.3) 
D09 J=1,2 
IF(HC(J).NE .. O) WRITE(IUOUT,103) J 
9 CONTINUE 
103 FORMATC' **** NOTE: hconvC',Il,') was specified, not calculated!****') 
GOT01 
C 
END 
SUBROUTINE DATAIN(NCASE,IUOUT) 
LOGICALSI 
COMMON A,XLW,XLC(2),HC(2),T(2),XKW,BETA,NMAX,SI,E(2),SIGMA 
DATA A,XL W,XKW,XLC,HC,T,E,NMAX,SIGMAl2.99,.036,.0245,.3,1.5, 
2 2* .0,277.,297 .,.95,.95,1 0,5.67E-SI 
C**Defmition of NAM 
NAMELIST INAMlA,XLW,XKW,XLC,HC,E,T,NMAX,BETA,SI 
CHARACTER FNAME*60,CDATE*9,CTIME*S 
P ARAMETER(IUIN=7) 
C**IF First Case, Open Files; Write Program Description and Date 
100 
IF(NCASE.EQ.1) THEN 
WRITE(6,lOO) 
FORMAT(II' TYPE NAME OF INPUT DATA FILE'I/'?') 
READ(* ,'(A)') FNAME 
C**Open input and output files 
C 
C 
C122 
11S 
120 
2 
OPEN(7,FILE=FNAME) 
REWIND 7 
OPEN(10,FILE='Plots-'IIFNAME) 
WRITE(6,122) 'Plots-'IIFNAME 
FORMAT(f COMMA DELIMITED PLOTTING FILE IS: ',A) 
WRITE(6,11S) 
FORMAT(lTlO,'DIRECT OUTPUT TO:'1!f20,'SCREEN:',T36,'Type 6' 
1!f20,'OUTPUT FILE:',T36,'Type S'I!f20,'PRINTER:',T36,'Type 9'1'?') 
READ(*, *) IUOUT 
IF(IUOUT.EQ.S) THEN 
OPEN(S,FILE='Answers-'IIFNAME) 
WRITE(6,120) 'Answers-'IIFNAME 
FORMAT(f OUTPUT WILL BE WRITTEN IN FILE: ',A) 
ENDIF 
CALL DATE(CDATE) 
CALL TIME(CTIME) 
C**Write Program Description and Date 
WRITE(IUOUT,102)CDATE,CTIME 
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102 FORMATe Program FrigWall',T60,'Date: ',AlOf Version: 8 August 1991',T60, 
2 'Time: 'A9f Programmed by A.M. Clausing') 
ENDIF 
C**Read and Write Input Data 
READ(IUIN,NAM,END=999) 
WRITE(IUOUT,104) NCASE,T,XLC,E,XL W,XKW,A 
104 FORMAT(II' CASE NUMBER',I211 
2' Ambient Temperatures [K]: Inside',F6.1,6X,'Outside',F6.1I 
2' Characteristic Lengths [m]: Inside',F6.2,6X,'Outside',F6.21 
2' Surface Emissivities:',8X,'Inside',F6.2,6X,'Outside',F6.2f Wall: Thickness' 
2 ,F6.3,' m;',T27,'Conductivity',F6.3,' W/m-K;',2x,'Area',F5.2,' m2'1) 
RETURN 
999 WRITE(IUOUT,199) 
199 FORMAT(1f ALL INPUT DATA HAS BEEN PROCESSED') 
991 CLOSE(lO) 
C 
IF(IUOUT.EQ. 8) CLOSE(8) 
STOP 
END 
SUBROUTINE GASPT(NGAS,T,RHO,XMU,XK,CP,GRB,PR,IER) 
C PROGRAMMED BY: A. M. CLAUSING; VERSION: APRIL 1982 
C PROPERTIES OF GASES IN SI VNITS(T.GT.O) OR ENGLISH VNITS(T.LT.O) 
C FUNCTIONAL REPRESENTATIONS USED ARE OF THE FORM: Y=A*T**B. 
CARRA YS A AND B CONTAIN THE RESPECTIVE CONSTANTS. 
CINPUT: 
C NGAS - NGAS=l IS AIR; NGAS=2 IS NITROGEN 
C T ---- ABSOLUTE TEMP. (K); OR NEGATIVE OF ABSOLUTE TEMP. (R) 
COUTPUT: 
C RHO -- DENSITY (KGIM3) OR (LBMlFT3) 
C XMU -- VISCOSITY (KGIM-S) OR (LBMIFT -S) 
C XK --- THERMAL CONDUCTIVITY (WIM-K) OR (BTU/HR-FT-R) 
C CP --- SPECIFIC HEAT (JIKG-K) OR (BTUILBM-R) 
C GRB -- G*BETAIXNV**2 (l1M3-K) OR (l1FT3-R) 
C PR --- PRANDTL NUMBER (DIMENSIONLESS) 
C IER -- ERROR PARAMETER 
C INFORMATIVE ERRORS: 
C IER=l --- GAS NUMBER DOES NOT EXIST. GAS IS ASSUMED TO BE AIR. 
C IER=2 --- TEMPERATURE OUT OF RANGE OF PROPERTY SUBROUTINE 
C RESTRICTIONS: 
C NGAS -- MUST BE 1 (AIR) OR 2(NITROGEN) 
C T ----- T MUST LIE BETWEEN 150K AND 2100K FOR AIR, AND BETWEEN 
C 83K AND 450K FOR NITROGEN. RANGES ARE SPECIFIED WITH ARRAY 
R. 
C 
DIMENSION A(l5,2),B(l5,2),R(3,2) 
DATA Al364. 1,. 1764E-6,.1423E-3,990.8,.4178E20,1.23, 
2350.6,.4914E-6,.2494E-3,299.4,.4985E19,.59,3*.0, 
3 432.4,9 .lE-8, 1.239E-4, 1553 .,4.379E20, 1.137, 
4 351.6,.18E-6~.221E-3,1031.,.408E20,~841,3*.01 
DATA B/-1.005,.814,.9138,.00316,-4.639,-.09685, 
2 -.999,.6429,.8152,.1962,-4.284,.0239,3 * .0, 
3 -1.046,.938,.9466,-.079,-5.102,-.0872, 
4 -1.005,.8058,.8345,.00239,-4.636,-.02652,3* .01 
DATA Rl150.,400.,2100.,83.,160.,450.l 
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IER=O 
IF((NGAS.GT.O).AND.(NGAS.LT.3» GO TO 1 
IER=1 
NGAS=1 
1 I=:: 1 
TP=T 
IF(T.LT .. O) TP=-T/1.8 
IF((TP.LT.R(I,NGAS».OR.(TP.GT.R(3,NGAS») IER=2 
IF(TP.GT.R(2,NGAS»1=7 
RHO=A(I,NGAS) *TP* *B(I,NGAS) 
XMU=A(I+ 1 ,NGAS)*TP**B(I+ I,NGAS) 
XK=A(I+2,NGAS) *TP* *B(I+2,NGAS) 
CP=A(I+3,NGAS)*TP**B(I+3,NGAS) 
GRB=A(I+4,NGAS)*TP**B(I+4,NGAS) 
PR=A(I+5,NGAS)*TP* *B (1+5,NGAS) 
IF(T.GT .. O)RETURN 
RHO=RHOIl6.02 
XMU=XMUIl.488 
XK=XKl1.731 
CP=CP/4187. 
GRB=GRB/63.57 
RETURN 
END 
A.2 Results of FrigWall Simulations 
CASE NUMBER 1 
Ambient Temperatures [K]: Inside 277.0 OUtside 297.0 
Characteristic Lengths [m]: Inside 0.30 OUtside 1.50 
Surface Emissivities: Inside 0.95 OUtside 0.95 
Wall: Thickness 0.036 m; Conductivity 0.024 W/m-K; Area 2.99 m2 
Q = 34.0 W 
hconv 
[W/m2-K] 
Inside: 2.11 
OUtside: 1.37 
CASE NUMBER 2 
ERRQ = 0.01 % 
hrad Ra 
[W/m2-K] 
4.62 0.626E+07 
5.60 0.557E+09 
Nu 
26.0 
79.9 
Tsur 
[K] 
278.7 
295.4 
Ambient Temperatures [K]: Inside 277.0 OUtside 297.0 
Characteristic Lengths [m]: Inside 0.30 OUtside 1.50 
Surface Emissivities: Inside 0.05 OUtside 0.95 
DeltaT 
[K] 
1.7 
1.6 
Wall: Thickness 0.036 m; Conductivity 0.024 W/m-K; Area 2.99 m2 
Q = 30.3 W ERRQ = 0.02 % 
hconv hrad Ra Nu Tsur DeltaT 
[W/m2-K] [W/m2-K] [K] [K] 
Inside: 2.55 0.25 0.132E+08 31.3 280.6 3.6 
OUtside: 1.34 5.60 0.500E+09 77.7 295.5 1.5 
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R/Rtot 
0.084 
0.081 
R/Rtot 
. 0.181 
0.073 
CASE NUMBER 3 
277.0 Outside 297.0 Ambient Temperatures [K]: Inside 
Characteristic Lengths [m]: Inside 
Surface Emissivities: Inside 
Wall: Thickness 0.036 mi Conductivity 
0.30 Outside 1.50 
0.05 Outside 0.05 
0.024 W/m-Ki Area 2.99 m2 
Q = 25.7 W ERRQ 
hconv hrad 
[W/m2-K] [W/m2-K] 
Inside: 2.47 0.25 
Outside: 1.75 0.29 
CASE NUMBER 4 
0.03 % 
Ra Nu 
0.116E+08 30.3 
0.147E+10 102.2 
Tsur 
[K] 
280.2 
292.8 
Outside 297.0 
Outside 1.50 
Outside 0.95 
DeltaT 
[K] 
3.2 
4.2 
277 .0 
0.30 
0.95 
0.024 
Ambient Temperatures [K]: Inside 
Characteristic Lengths [m]: Inside 
Surface Emissivities: Inside 
Wall: Thickness 0.036 mi Conductivity W/m-Ki Area 2.99 m2 
Q = 35.6 W ERRQ = 0.00 % 
hconv hrad Ra Nu Tsur 
[W/m2-K] [W/m2-K] [K] 
Inside: 10.00 4.60 0.304E+07 21. 7 277.8 
Outside: 1.39 5.60 0.583E+09 80.8 295.3 
**** NOTE: hconv(l) was specified, not calculated!**** 
CASE NUMBER 5 
DeltaT 
[K] 
0.8 
1.7 
Ambient Temperatures [K]: Inside 277.0 Outside 297.0 
Characteristic Lengths [m]: Inside 0.30 Outside 1.50 
Surface Emissivities: Inside 0.95 Outside 0.95 
Wall: Thickness 0.036 mi Conductivity 0.024 W/m-Ki Area 2.99 m2 
Q = 34.8 W ERRQ 0.00 % 
hconv hrad Ra Nu Tsur 
[W/m2-K] [W/m2-K] [K] 
Inside: 5.00 4.61 0.451E+07 24.0 278.2 
Outside: 1.38 5.60 0.571E+09 80.4 295.3 
**** NOTE: hconv(l) was specified, not calculated!**** 
CASE NUMBER 6 
Outside 297.0 
Outside 1.50 
Outside 0.95 
DeltaT 
[K] 
1.2 
1.7 
277 .0 
0.30 
0.95 
0.024 
Ambient Temperatures [K]: Inside 
Characteristic Lengths [m]: Inside 
Surface Emissivities: Inside 
Wall: Thickness 0.036 mi Conductivity W/m-Ki Area 2.99 m2 
Q = 33.9 W ERRQ 0.00 % 
hconv hrad Ra Nu Tsur Del taT 
[W/m2-K] [W/m2-K] [K] [K] 
Inside: 2.00 4.62 0.634E+07 26.1 278.7 1.7 
Outside: 1.37 5.60 0.557E+09 79.9 295.4 1.6 
**** NOTE: hconv (1) was specified, not calculated!**** 
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R/Rtot 
0.158 
0.210 
R/Rtot 
0.041 
0.085 
R/Rtot 
0.061 
0.083 
R/Rtot 
0.086 
0.081 
CASE NUMBER 7 
277.0 OUtside 297.0 Ambient Temperatures [K]: Inside 
Characteristic Lengths [m]: Inside 
Surface Emissivities: Inside 
Wall: Thickness 0.036 m; Conductivity 
Q = 33.4 W ERRQ 
hconv hrad 
[W/m2-K] [W/m2-K] 
Inside: 1.00 4.63 
OUtside: 1.37 5.60 
0.00 % 
Ra 
0.733E+07 
0.549E+09 
0.30 OUtside 1.50 
0.95 OUtside 0.95 
0.024 W/m-K; Area 2.99 m2 
Nu 
27.1 
79.6 
Tsur 
[K] 
279.0 
295.4 
DeltaT 
[K] 
2.0 
1.6 
**** NOTE: hconv(l) was specified, not calculated!**** 
CASE NUMBER 8 
277.0 OUtside 297.0 Ambient Temperatures [K]: Inside 
Characteristic Lengths [m]: Inside 
Surface Emissivities: Inside 
Wall: Thickness 0.036 m; Conductivity 
Q = 35.0 W ERRQ 
hconv hrad 
[W/m2-K] [W/m2-K] 
Inside: 10.00 0.24 
OUtside: 1.38 5.60 
0.00 % 
Ra 
0.425E+07 
0.573E+09 
0.30 OUtside 1.50 
0.05 OUtside 0.95 
0.024 W/m-K; Area 2.99 m2 
Nu 
23.6 
80.5 
Tsur 
[K] 
278.1 
295.3 
DeltaT 
[K] 
1.1 
1.7 
**** NOTE: hconv(l) was specified, not calculated!**** 
CASE NUMBER 9 
Ambient Temperatures [K]: Inside 277.0 OUtside 297.0 
Characteristic Lengths [m]: Inside 0.30 OUtside 1.50 
Surface Emissivities: Inside 0.05 OUtside 0.95 
Wall: Thickness 0.036 m; Conductivity 0.024 W/m-K; Area 2.99 m2 
Q = 33.2 W ERRQ 0.00 % 
hconv hrad Ra Nu Tsur 
[W/m2-K] [W/m2-K] [K] 
Inside: 5.00 0.24 0.781E+07 27.5 279.1 
OUtside: 1.37 5.60 0.545E+09 79.4 295.4 
**** NOTE: hconv(l) was specified, not calculated!**** 
CASE NUMBER10 
277.0 OUtside 297.0 
0.30 OUtside 1.50 
0.05 OUtside 0.95 
DeltaT 
[K] 
2.1 
1.6 
Ambient Temperatures [K]: Inside 
Characteristic Lengths [m]: Inside 
Surface Emissivities: Inside 
Wall: Thickness 0.036 m; Conductivity 0.024 W/m-K; Area 2.99 m2 
Q = 29.0 W ERRQ 0.00 % 
hconv hrad Ra Nu> Tsur DeltaT 
[W/m2-K] [W/m2-K] [K] [K] 
Inside: 2.00 0.25 0.157E+08 32.7 281.3 4.3 
OUtside: 1.32 5.60 0.479E+09 76.9 295.6 1.4 
**** NOTE: hconv (1) was specified, not calculated!**** 
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R/Rtot 
0.099 
0.080 
R/Rtot 
0.057 
0.084 
R/Rtot 
0.106 
0.080 
R/Rtot 
0.216 
0.070 
CASE NUMBER11 
Ambient Temperatures [K): Inside 277.0 OUtside 297.0 
Characteristic Lengths [m): Inside 0.30 OUtside 1.50 
Surface Emissivities: Inside 0.05 OUtside 0.95 
Wall: Thickness 0.036 m; Conductivity 0.024 W/m-K; Area 2.99 m2 
Q = 24.8 W ERRQ = 0.03 % 
hconv hrad Ra Nu Tsur DeltaT R/Rtot 
[W/m2-K) [W/m2-K) [K) [K) 
Inside: 1.00 0.25 0.236E+08 36.3 283.6 6.7 0.331 
OUtside: 1.27 5.61 0.401E+09 73.6 295.8 1.2 0.060 
**** NOTE: hconv(l) was specified, not calculated!**** 
A.3 Details of HT20A Simulation 
The section provides the details needed for simulation of the experimental 
apparatus using HT20A. The source code for HT20A is available from the programmer, 
Arthur M. Clausing, Ph. D., Associate Head of the Mechanical Engineering Department 
at the University of lllinois, Urbana, lllinois. 
HT20A is a program that calculates one-dimension heat transfer. A resistor-
capacitor (R-C) thermal network representation of the problem is necessary to perform a 
simulation. The R-C thermal network for the current experiment is shown in Figure A.I. 
The resistances and capacitances for each material are non-dimensionalized according to 
Equation AI. 
and (AI) 
The values with subscript 0 are reference values (in this case the foam insulation), and 
those with subscript i are for individual materials. D is the material thickness, A is the 
cross-sectional area, k is the thermal conductivity, p is the density, and cp is the specific 
heat. The property values used for all materials are shown in Table AI. 
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Figure A.l N etworkrepresentation of experimental apparatus 
Table A.l Properties used for HT20A simulation 
Property or Steel Skin Foam ADS liner Styrofoam Aluminum 
Dimension Insulation Frame Plate 
D(mm) 0.65 45.0 1.7 19.05 6.35 
A (m2) 3.0 3.0 3.0 3.0 3.0 
k(W/m-K) 54 0.027 0.15 0.036 157.5 
P (kglm3) 7850 24 1000 16 2707 
Cp (J/kg-K) 434 1500 1530 1210 876 
Once all material resistances and capacitances are normalized by the reference 
material, nodal values can be determined. Each individual resistor or capacitor is defined 
as a portion of the material it exists in. If a node is at a material interface, the capacitance 
is made up of portion of the capacitances of both materials. The individual resistors and 
capacitors for the network shown in Figure A.l are listed in Table A.2. 
Table A.2 Resistances and capacitances for thermal network 
Number Resistance (R) Capacitance (C) 
1 0.06 undefmed 
2 7.2 x 10-6 0.6835 
3 0.1 0.7335 
4-12 0.1 0.1 
13 0.0034 0.4515 
14 0.0034 0.803 
15 0.0635 0.4243 
16-19 0.0635 0.0455 
20 1.24 x 10-5 > 2.3465 
21 1.24 x 10-5 4.6475 
22 0.1 2.3238 
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APPENDIXB. DATA ACQUISITION DETAILS 
B.t Description of the Data Acquisition Program 
The data acquisition program was set up in Labtech NotebooklXE for Windows 
. version 7.0.0. Table B.l provides a desciption of each of the channels in the program. 
Table B.2 lists the important information for each aluminum plate of the experimental 
apparatus. Finally, a desciption of each file's contents is provided in Table B.3. 
Table B.1 Description of the data acquisition channels 
Channel # Description of Channel 
1-13 Zero the Power Supplies (Open Relays) 
14-17 Difference between voltage and set point 
18-21 Set Power Supplies to Desired Voltage (Set point required) 
22-25 Protect PS to within 1.5V of Set point 
26-41 Left Wall Temperatures 
42-57 Right Wall Temperatures 
58-73 Center Wall Temperatures 
74 Plate 22A Temperature (replaces 68) 
75-78 Bottom Plate Temperatures 
79,81 Contents (Ice) Temperatures 
80,82 Extra Ambients (not used) 
83 Inside Temperature (air, door, ceiling, or floor) - not used 
84 Outside Ambient Temperature 
85-96 Steel Skin Temperatures 
97-100 Voltage of Power Supplies 
101-175 Block averages of 26-100 (averaged every 5 sec.) 
176-199 Average of both block averaged TC's for each plate 
200 Time 
201-224 Difference between Skin Temps. and A vg. Temps. 
225-248 On / Off Control of Heaters (based on 201-224) 
249-253 Open Relays at the End of the Run (SAFETY!) 
254 Voltage Set Point 
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Table B.2 Individual plate information for data acquisition 
Plate TCChannel TC Interface Average Plate Skin Heater On/Off 
Temp Temp Resistance Channel 
Difference Interface 
1 26 4:0 176 160 30.7 225 
27 4:1 201 6:0:0 
2 28 4:2 177 160 30.6 226 
29 4:3 202 6:0:1 
3 30 4:4 178 161 30.5 227 
31 4:5 203 6:0:4 
4 32 4:6 179 161 31 228 
33 4:7 204 6:0:5 
5 34 4:8 180 162 33.5 229 
35 4:9 205 6:1:0 
6 36 4:10 181 162 33.1 230 
37 4:11 206 6:1:1 
7 38 4:12 182 163 . 32.6 231 
39 4:13 207 6:1:4 
8 40 4:14 183 163 32.7 232 
41 4:15 208 6:1:5 
9 42 7:0 184 165 30.5 233 
43 7:1 209 6:0:2 
10 44 7:2 185 165 30.4 234 
45 7:3 210 6:0:3 
11 46 7:4 186 166 30.8 235 
47 7:5 211 6:0:6 
12 48 7:6 187 166 30.8 236 
49 7:7 212 6:0:7 
13 50 7:8 188 167 32.4 237 
51 7:9 213 6:1:2 
14 52 7:10 189 167 32.8 238 
53 7:11 214 6:1:3 
15 54 7:12 190 168 32.6 239 
55 7:13 215 6:1:6 
16 56 7:14 191 168 32.2 240 
57 7:15 216 6:1:7 
17 58 8:0 192 169 20.2 241 
59 8:1 217 1:0:1 
18 60 8:2 193 169 20.2 242 
61 8:3 218 1:0:2 
19 62 8:4 194 170 20.4 243 
63 8:5 219 1:0:3 
20 64 8:6 195 170 20.3 244 
65 8:7 220 1:0:5 
21 66 8:8 196 171 20.5 245 
·67 8:9 221 1:0:6 
22 74 9:15 197 171 22.2 246 
69 8:11 222 1:0:7 
23 70 8:12 198 164 22.2 247 
71 8:13 223 1:1:1 
24 72 8:14 199 164 22.4 248 
73 8:15 224 1:1:2 
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Table B.3 Data acquisition file contents 
Filename File Contents 
temps<run number>.txt Block averaged plate temperatures 
volt<run number>.txt Block averaged power supply voltages 
onoff<run number>.txt Value outputed by each on/off relay (0 = on, 65535 = off) 
misc<run number>.txt Miscellaneous: ambients, floor and ice temps. 
D.2 Configuration for Each Data Run 
Table B.4lists the configuration and the date completed for each run. Runs 1-19 
and 34-49 attempt to determine the importance of the Rayleigh number ("Rayleigh" data). 
This is done varying the characteristic length (cabinet height) and the temperature 
difference between the walls and ice. Runs 1-19 and 45-49 are run with wall 
temperatures of about 295 K, whereas Runs 34-44 have wall temperatures of about 300 
K. Runs 20-33 were run to determine the effect of the amount and configuration of the 
ice ocntainers ("Contents" data). They are run with wall temperatures of about 295 K. 
The "Levels" indicates the height. 
Table B.4 Experimental test matrix 
Run Levels Thermal Load I Description Completed 
1-3 1 12-16 oz. ice containers in center 2112 
4-6 2 6-112 gal. ice containers in center 2112 
7,8 Same, but cut off 4 re~ions with insulation 2113 
10,12,13 3 12-16 oz. & 6-112 gal. ice containers in center 2114 
14-16 4 12-112 gal. ice containers in center 2115 
20-21 2 6-112 ~al. ice containers separated by 2" 2116 
22-23 2 6-112 gal. ice containers separated by 4" 2116 
24-25 2 4-112 gal. ice containers in center 2117 
26-27 2 8-112 gal. ice containers in center 2117 
28-29 2 12-112 ~al. ice containers in center 2118 
30-31 2 6-112 gal. ice containers in center (repeat) 2119 
32-33 2 6-112 ~al. ice containers separated by 2" of insulation 2119 
34-35 1 12-16 oz. ice containers in center mo 
38-39 2 6-112 ~al. ice containers in center 2al 
41-42 3 12-16 oz. & 6-112 gal. ice containers in center 2al 
43-44 4 12-112 gal. ice containers in center mz 
45 1 12-16 oz. ice containers in center 2a3 
46-47 2 6-112 gal. ice containers in center 2a3 
48 3 12-16 oz. & 6-112 ~al. ice containers in center 2a3 
49 4 12-112 gal. ice containers in center 2124 
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The dimensions for each run are presented in Table B.5. All measuremnets are in 
inches. For every run the cabinet width, W, and the cabinet depth, D, are 26.75 in. and 
22.5 in., respectively. All of the ice dimensions are for the smallest hypothetical box that 
encloses the ice configuration. Figure B.l shows the basic run configuration. 
Run 
1-3,34-35, 
45 
4-6, 7-8, 30-
31,38-39, 
46-47 
10,12-13, 
41-42,48 
14-16,43-
44,49 
17-19 
20-21 
22-23 
24-25 
26-27 
28-29 
32-33 
Cabinet 
H 
Table B.5 Dimensions for each run 
Cabinet 
height,H 
5.25 
11.25 
17.25 
23.75 
28 
11.25 
11.25 
11.25 
11.25 
11.25 
11.25 
w 
Ice 
height, h 
5.25 
10.00 
15.25 
20.00 
25.25 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
1-
J--
w 
Ice 
width, w 
12.5 
12.5 
12.5 
12.5 
12.5 
16.75 
20.75 
8.5 
17 
17 
16.75 
Figure B.l Basic run configuration 
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Ice 
de~h,d 
8.75 
8.75 
8.75 
8.75 
8.75 
10.5 
12.5 
8.5 
8.5 
12.75 
10.5 
Ice 
APPENDIXC. DATA REDUCTION CODES 
C.l Microsoft Excel Macro A VERAGER.XLM 
This appendix contains the Microsoft Excel macro A VERAGER.XLM which 
time-averages all of the temperature and power data for a given run. It is written for 
Microsoft Excel for Windows Version 4. It can be found in the directory "c:\data\todd\" 
on the Gateway 2000 4DX2-66V located in 115M Mechanical Engineering Lab. The 
user interface for the macro is a dialog box. The information for the dialog box is shown 
below. The rest of the macro listing is provided on the following five pages. 
DIALOGS 
I type Ix Iy 'wide lhigh ltext 'initlresult Inames 
InputData 
210 190 INPUT DATA 
·5 10 10 Data Run Number 
7 150 5 40 1 DataRun 
5 10 40 Levels in Cabinet 
7 150 35 40 1 Levels 
14 25 75 155 55 Data Manipulation 
11 2 ' DoWhat 
12 Reduce/Cut 
12 None (Quit) 
1 65 160 90 OK 
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01 
W 
I names commands----- I comments 
Summary Information 
Title: Average Temperature and Power Data 
Author Todd L. Williams 
Project: ACRC, Project 19 
Creation Date: Saturday, January 29, 1994 . 
auto open/MAiN Auto Open InputData (a) 
I MacroName =GET.CELL(32) Get macro name 
=IDDEO Hide macro 
=DIALOG.BOX(InputData) 
=IF(Do What=2) Quit choice 
=UNHIDE(MacroName) Unhide macro 
=RETURNO 
=END.lFO 
=IF(OR(DataRun<O,Levels<O,Levels>4) ) Values in right range? 
, . 
=ALERT("The Data Run # and Levels must be >0 and Levels must be <=4.",2) 
=GOTO(B14) 
=END.lFO 
DataCorrect =ALERT("Run #"&DataRun&" with "&Levels&" Levels. Is this correct?",l) Confirm choice of run and level 
=IF(DataCorrect"GOTO(B 14)) 
TempData ="temps"&DataRun&".txt" Temperature file 
OnOffData ="onoff'&DataRun&".txt" Digital Relay file 
VoltData ="volt" &DataRun&" .txt" Voltage file 
MiscData ="rnisc"&DataRun&".txt" Miscellaneous Datafile 
Data ="data"&DataRun&".csv" Results average data (CSV) 
DataDirectory ="c:\data\todd\" Directory for data 
ResultsDirectory ="c:\data\todd\averaged\" Directory for results 
=ReduceDataO 
=CutColurnnsO 
=VNHIDE(MacroName) Unhide macro 
=MESSAGE(F ALSE) 
=RETURNQ 
0\ 
~ 
Reduce Data (2) 
=NEW(1) 
=SA VE.AS(ResultsDir&Data,6"F ALSE) 
=OPEN(DataDir&"CONST ANT.xLS") 
=A verageTempsO 
=CalculatePowerO 
=SELECT("R4C2:R6C25") 
=FORMAT.NUMBER("O.OOO") 
=SAVEO 
=CLOSE(F ALSE) 
=CLOSE(FALSE) 
=RETURNQ 
A verageTemps 
=MESSAGE(1RUE,"Averaging Temperature Data") 
=OPEN(DataDir&TempData) 
=COPY("RICI:R3CI ") 
=ACTIV A TE(Data) 
=PASTE("RIC2") 
=FORMULA(Levels, "R4C2") 
=ACTIV A TE(TempData) 
=FORMULA("=A VERAGE(R[6]C[-3]:R[725]C[-3])","RIC5") 
=SELECT("RIC5:RIC28") 
=FILL.RIGHTO 
=COPYO 
=ACTIV A TE(Data) 
=SELECT("R5C2 ") 
=PASTE.SPECIAL(3, I ,FALSE,F ALSE) 
=ACTIV A TE(TempData) 
=CANCEL.COPYO 
=CLOSE(F ALSE) 
=OPEN(DataDir&MiscData) 
=FORMULA("=AVERAGE(R[6]C[-3]:R[725]C[-2])","RIC5") 
=FORMULA("=A VERAGE(R[6]C[O]:R[725]C[3])", "RI C6") 
=COPY("RI C5:RI C6") 
Create results file 
Open Constants file 
Average temperature data 
Calculate average power input 
Close and save the Results 
Close the Constants file 
DONE!!!! 
Open Temperature Data 
Copy File Header (3 lines) 
Paste to Results 
Average Temps 0-15 min. 
Repeat average for all plates 
Copy all temp averages 
Paste to Results 
Close Temperature Data 
Open Miscellaneous Data 
Average lee Temp. 0-15 min. 
Average Floor Temp. 0-15 min. 
Copy Ice & Floor Temps. 
0\ 
VI 
=ACTIV A TE(Data) 
=SELECT("R4C3 ") 
=PASTE.SPECIAL(3,I,FALSE,FALSE) 
=ACTIV A TE(MiscData) 
=CANCEL.COPYO 
=CLOSE(FALSE) 
=RETURNO 
CalculatePower 
=MESSAGE(TRUE,"Opening Power Data Files") 
=OPEN(DataDir& VoltData) 
=OPEN(DataDir&OnOftData) 
=COPY("c2:c25") 
=ACTIV A TE(VoltData) 
=PASTE("C6") 
=ACTIV A TE(OnOftData) 
=CANCEL.COPYO 
=CLOSE(FALSE) 
=ACTIV A TE("CONST ANT.xLS") 
=COPY("R2C2:R3C25") 
=ACTIV A TE(V oltData) 
=PASTE("R3C6") 
=COPY("R5C6:R5C29") 
=PASTE("R5C30") 
=MESSAGE(TRUE,"Calculating Average Power Input") 
Paste to Results 
Close Miscellaneous Data 
Open Voltage Data 
Open Digital Relay Data 
Move relay data to voltage file 
Close Digital Relay Data 
Copy relay drop & heater R 
Paste to power file 
=FORMULA("=«RC2-R3C[ -24])*R4C[ -24]/(R4C[ -24]+0.3»A2IR4C[ -24]* ABS(R[ -1]C[ -24]/65535-1)",1 Calculate power for PS4 
=SELECT("R7C30:R7C36") 
=FILL.RIGHTO 
=FORMULA("=«RC3-R3C[ -24])*R4C[ -24]/(R4C[ -24 ]+O.3»)A21R4C[ -24]* ABS(R[ -1]C[ -24]/65535-1)",1 Calculate power for PS3 
=SELECT("R7C36:R7C42") 
=FILL.RIGHTO 
=FORMULA("=«RC4-R3C[ -24])*R4C[ -24]/(R4C[ -24]+O.3»A2IR4C[ -24]* ABS(R[ -1]C[ -24]/65535-1)",1 Calculate power for PS2 
=SELECT("R7C42:R7C48") 
=FILL.RIGHTO 
=FORMULA("=«RC5-R3C[ -24])*R4C[ -24]/(R4C[ -24]+0.3»A2IR4C[ -24]* ABS(R[ -1]C[ -24]/65535-1)",1 Calculate power for PSl 
0\ 
0\ 
=SELECT("R7C48:R7C53") 
=FILL.RIGHTO 
=SELECT("R7C30:R726C53 ") 
=FILL.DOWNO 
=FORMULA("=A VERAGE(R[6]C:R[725]C)", "Rl C30") 
=SELECT("RIC30:RIC53") 
=FILL.RIGHTO 
=COPYo 
=ACTIV A TE(Data) 
=SELECT("R6C2") 
=PASTE.SPECIAL(3,1,FALSE,FALSE) 
=MESSAGE(TRUE,"Closing Power Data File") 
=ACTIV A TE(VoltData) 
=CANCEL.COPYO 
=CLOSE(F ALSE) 
=RETURNO 
CutColumns (h) 
=MESSAGE(TRUE,"Cutting Unused Data Columns") 
=IF(Levels=4 ) 
=ALERT("There is no need to remove columns",2) 
=RETURNO 
=ELSEO 
=OPEN(DataDir&VoltData) 
=OPEN(DataDir&OnOftData) 
=OPEN(DataDir&TempData) 
=OPEN(ResultsDir&Data) 
=SELECT("CI ") 
=INSERT(1) 
=SelectColumnsO 
=SELECT("CI ") 
=EDIT.DELETE(1) 
=SAVEO 
=CLOSE(F ALSE) 
=SelectColumnsO 
Calculate power at all times 
Average power, 0-15 min. 
Repeat for all plates 
Copy all average power data 
Paste to results file 
Close Voltage Data 
Don't cut iffull cabinet 
Open Voltage Data 
Open Relay Data 
Open Temperature Data 
Open Results 
Select and Delete for Results 
Close Results 
Select and Delete for Temps. 
~ 
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=SAVEO 
=CLOSE(FALSE) 
=SelectColumnsO 
=SAVEO 
=CLOSE(FALSE) 
=IF(Levels= 1) 
=SELECT("C3:CS") 
=ELSE.IF(Levels=2) 
=SELECT("C4:CS") 
=ELSE.IF(Levels=3) 
=SELECT("CS:CS") 
=END.IFO 
=CLEAR(3) 
=SELECT("RICI ") 
=SAVEO 
=CLOSE(FALSE) 
=END.IFO 
=RETURNJl 
SelectColumns 
=IF(Levels= 1) 
=SELECT("C8:C2S") 
=CLEAR(3) 
=ELSE.IF(Levels=2) 
=SELECT("C14:C2S") 
=CLEAR(3) 
=ELSE.IF(Levels=3) 
=SELECT("C20:C2S") 
=CLEAR(3) 
=END.IFO 
=SELECT("RICI ") 
=RETURNO 
_._--
---
Close Temperature Data 
Select and Delete for Relays 
Close Relay Data 
Select and Delete for Voltage 
Select plates in top 3 levels 
Select plates in top 2 levels 
Select plates in top 1 levels 
Delete 
Close Voltage Data 
Select plates in top 3 levels 
Delete 
Select plates in top 2 levels 
Delete 
Select plates in top 1 levels 
Delete 
C.2 VUFIND Computer Program 
This appendix lists the source code for VUFIND, a driver program for the 
subroutine VUF ACT. VUFACT is used to determinie the radiation view factors between 
parallel or perpendicular rectangles. The rectangles can be of any size or orientation as 
long as all sides of both rectangles are parallel or perpendicular to one another. 
C**PROGRAM: VUFIND 
C**PROGRAMMED BY: JOHN WALDVOGEL 
C**VERSION: 1127/86 
C 
C**TIDS PROGRAM IS A DRIVER FOR THE SUBROUTINE VUFACT. 
C 
C 
5 
10 
15 
20 
25 
C 
PROGRAM VUFIND(OU1PUT,TAPE6=OUTPUT) 
REALX(4,2) 
OPEN(UNIT=10,FILE='DATA') 
OPEN(UNIT=20,FILE='ANS.CSV') 
REWIND 10 
REWIND 20 
WRITE(20,5) 
FORMAT(II,2X,'Xl',5X,'X2',4X,'XIl',4X,'XI2',5X,'Yl',5X, 
2 'Y2',4X,'ETAl',3X,'ETA2',4X,'Z',7X,'F',I) 
READ(1O,*,END=20)(X(I,I),x(I,2),I=I,4),Z 
CALL VUFACT(X,Z,F) 
WRITE(20,15)(X(I,I),"," ,x(I,2),"," ,I=I,4),Z,",",F 
FORMAT(18(F6.3),F8.6) 
GO TO 10 
WRITE( 6,25) 
FORMAT(II,' LOCAL FILE "ANS.CSV" CONTAINS RESULTS.'JI) 
STOP 
END 
C**SUBROUTINE: VUFACT 
C**PROGRAMMED BY: JOHN WALDVOGEL 
C**VERSION: 1127/86 
C 
C 
SUBROUTINE VUFACT(X,Z,F) 
REALX(4,2) 
C**THIS SUBROUTINE CALCULATES RADIATION VIEW FACTORS 
C**P ARALLEL AND PERPENDICULAR GEOMETRIES. 
C 
C**DESCRIPTIONS: 
C** X(I,I) AND X(1,2)---Xl AND X2 RESPECTIVELY. 
C** X(2,1) AND X(2,2)---XIl AND XI2 RESPECTIVELY. 
C** X(3,1) AND X(3,2)---Yl AND Y2 RESPECTIVELY. 
C** X(4,1) AND X(4,2)---ETAI AND ETA2 RESPECTIVELY. 
C** Z-------------------Z PARAMETER ( <0 FOR PERPENDICULAR GEOMETRY.) 
C** F-------------------THE RETURNED V 
F=O.O 
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DO 15 L= 1,2 
DO 15 K= 1,2 
DO 15 J= 1,2 
DO 151= 1,2 
M=I+J+K+L 
IF(MOD(M,2).EQ.0) THEN 
XX= 1.0 
ELSE 
XX = -1.0 
ENDIF 
IF(Z.LT.O.O) THEN 
A = X(3,J) - X(4,K) 
B = (X(1,I)**2.0 + X(2,L)**2.0)**0.5 
C=B*B +A*A 
G=O.O 
IF(B.NE.O.O) THEN 
G = G + A*B*ATAN(AIB)/2.0IPI 
ENDIF 
IF(C.NE.O.O) THEN 
G = G - (B*B - A*A)*ALOG(C)/8.0IPI 
ENDIF 
ELSE 
A = X(2,L) - X(1,I) 
B = X(4,K) - X(3,J) 
C = (Z*Z + B*B)**0.5 
D = (Z*Z + A * A)**0.5 
G = (A*C*ATAN(NC) - B*Z*ATAN(B/Z) + D*B*ATAN(BID) 
2 + Z*Z* ALOG(C*C)I2.0 - D*D* ALOG(C*C + A * A)I2.0)/2.0IPI 
IF(A.NE.O.O) THEN 
G = G + A*A*ALOG((Z*Z + B*B + A*A)/A*A)/4.0IPI 
ENDIF 
ENDIF 
15 F=F+G*XX 
F = F/(X(I,2) - X(I,I»/(X(3,2) - X(3,1» 
RETURN 
END 
C.3 REDUCER Computer Program 
This appendix contains the True Basic program REDUCER. 
! Title: Data Reducer code for closed-door refrigerator natural convection testing 
! Description: 
! Program to calculate convective heat transfer coefficients for each plate 
! in the closed-door natural convection experiment. It also calculates wall 
! averaged information including: temperature, convective and radiative heat 
! transfer coefficients, and Nusselt and Rayleigh numbers. Two geometric 
! parameters are determine for modeling the data. 
! Written by: Todd L. Williams Revision: 3121/94 
! The following is an explanation of the variales used in the main program. 
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run - the data run that is to be reduced 
levels - the number of levels in the cabinet (effectively the cabinet height) 
Asmall, Alarge - Area of the small and large Al plates, respectively (mA2) 
height - vector of cabinet heights for each # of levels. It is the distance 
from the floor to the top of the last plate (top insulation not included). 
plate - matrix (4,6) used to adjust the order of the data to the order of the 
plate numbering scheme 
arearatio - the ratio of the aluminum plate area to the vertical surface area 
of the smallest hypothetical box that encloses the ice configuration 
volratio - the ratio of the enclosure volume to the ice container volume 
t, q - matrices (levels,6) of temperature (K) and heat input (W) of each plate. 
These numbers are the time-averaged data as reduced by Excel Macro A VERAGER 
heff - matrix (levels,6) of effective radiative and convective h for each plate 
hconv - matrix (levels,6) of convective h for each plate 
twall - vector of average temperatures (K) for each surface in the cabinet. 
The surfaces are: 1 = left wall, 2 = right wall, 3 = back wall, 
4 = door, 5 = floor, 6 = ceiling, 7 = ice 
f, emiss, a, sf - matrices used and defined in subroutine SCRIPTF 
hrad - vector of radiative h for each instrumented wall 
hwall - vector of convective h for each wall (average of hconv for plates on wall) 
heff, hconv, hrad, and hwall all have units ofW/mA 2 
nusselt - vector of Nusselt number for each wall 
rayleigh - vector of Rayleigh number for each wall 
tavg, havg, nuavg, raavg - temperature, convective h, Nusselt, and Rayleigh 
averaged (with area weighting) over all walls 
maxrunnum - the number associated with the last data run 
expt$ - a description of the purpose of the experiment 
config$ - describes experiment, including height & ice config., if not in center 
timedate$ - the time and date the experiment was run 
OPTION NOLET 
SET directory "Calvin:Todd:MSME:DATA" 
PUBLIC run, levels, Asmall, Alarge, height(4), plate(4,6), maxrunnum 
DIM t(l,I), q(I,I), heff(I,I), hconv(I,I) 
DIM arearatio(I), volratio(l) 
DIM twall(7), f(7,7), emiss(7), a(7), sf(7,7) 
DIM hrad(3), hwall(3), nusselt(3), rayleigh(3) 
LET maxrunnum = 49 
LET Asmall = 5*8*.0254A2 
LET Alarge = 5* 12*.0254A2 
MAT READ plate, height 
DATA 7,8,15,16,23,24,5,6,13,14,21,22,3,4, 11,12, 19,20,1,2,9,10,17,18 
DATA 5.,11., 17.,23. 
CALL getparameters(arearatio, volratio) 
FOR run = 1 to maxrunnum 
PRINT "Run #"; run 
! Zero the wall temperature matrix before each run 
·MAT twall = zer(7) 
LET x = run 
! The following IF statement skips the runs not used 
IF x=9 or x=l1 or x=17 or x=18 or x=19 or x=36 or x=37 or x=40 then 
ELSE 
CALL getdata(expt$, config$, timedate$, twall(7), twall(5), t, q) 
MAT heff = zer(levels, 6) 
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MAT hconv = zer(levels, 6) 
CALL calcheff(t, q, twall(7), heff) 
CALL calctwall(t, twall, tavg) 
CALL getradinfo( emiss, a, f) 
CALL scriptf(a, f, emiss, sf) 
CALL calchrad(sf, twall, hrad) 
CALL calchconv(heff, hrad, hconv, hwall, havg) 
CALL nura(twall, hwall, nusselt, rayleigh, tavg, havg, nuavg, raavg) 
CALL summary(expt$, config$, timedate$, arearatio, volratio, t, q, hconv, hrad, 
twall, hwall, nusselt, rayleigh, tavg, havg, nuavg, raavg) 
! The following statement outputs some answers to screen 
MAT PRINT t, twall, heff, hrad, hconv, hwall, nusselt, rayleigh 
END IF 
NEXT run 
END 
!*********************************************************************** 
!************************* SUB GETP ARAMETERS ****************** 
!*********************************************************************** 
SUB getparameters(arearatioO, volratioO) 
! This subroutine calculates the area and volume ratios, two important 
! geometric parameters, for all of the runs. 
! Local Variables: 
! iceh, icew, iced - dimensions of the box that encloses the ice (h x w x d) 
wallh - the height of the enclosure 
areawall - the surface area of the instrumented walls 
areaice - the vertical surface area of the smallest hypothetical box 
that encloses the ice configuration 
volwall - the volume of the enclosure 
volice - the volume of the ice containers 
DECLARE PUBLIC maxrunnum 
MAT arearatio=zer(maxrunnum) 
MAT volratio=zer(maxrunnum) 
OPEN #1: name ":Constants:Geometry.csv", create old, org text 
FOR i=1 to maxrunnum 
INPUT #1: wallh, iceh, icew, iced, volice 
LET areawall=wallh*(2*19+26.75) 
LET areaice=2*iceh*(icew+iced) 
LET volwall=wallh*26.75*22.5 
LET arearatio(i)=areaice/areawall 
LET volratio(i)=volice/volwall 
NEXTi 
CLOSE #1 
END SUB 
!*********************************************************************** 
!************************* SUBGETDATA *********************** 
!*********************************************************************** 
SUB getdata(expt$, config$, timedate$, tice, tfloor, t(,), q(,» 
! This subroutine gets the experiment title (expt$), configuration of the experiment 
! (config$), the date and time the experiment was run (timedate$), and the time-
! averaged data as calculated by Excel macro "A VERAGER" including: the ice temp. 
! (tice or twall(7», the floor temp. (tfloor or twall(5», the plate temps. (t), 
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! and the heat input to each plate (q) 
DECLARE PUBLIC run,levels 
LET datafile$ = ":Averaged:DATA" & str$(run) & ".CSV" 
OPEN #1: name datafile$, create old, org text 
LINE INPUT #1: expt$, config$, timedate$ 
INPUT # 1: levels, tice, tfloor 
MAT t = zer(levels,6) 
MAT q = zer(levels,6) 
MAT INPUT #1: t 
MAT INPUT #1: q 
CLOSE #1 
END SUB 
!*********************************************************************** 
!************************* SUB CALCHEFF ******************** 
!*********************************************************************** 
SUB calcheff(t(,), q(,), tice, heff(,» 
! This subroutine calculates the combined radiative and convective heat 
! transfer coefficients for each plate in the enclosure according to: 
! heff = q I A /(T - tice) 
DECLARE PUBLIC levels, Asmall, Alarge 
FOR i = 1 to levels 
FORj = 1 to 6 
IF 0<5) then 
LET heff(i,j) = q(i,j)/Asmalll(t(i,j)-tice) 
ELSE 
LET heff(i,j) = q(i,j)1 Alarge/(t(i,j)-tice) 
END IF 
NEXTj 
NEXTi 
END SUB 
!*********************************************************************** 
!************************* SUB CALCTW ALL ********************* 
!*********************************************************************** 
SUB calctwall(t(,), twallO, tavg) 
! This subroutine calculates the average temperature of each walL 
! The ceiling and door temperature are set to an appropriate value. 
! It also calculates an area-averaged temperature of all walls. 
DECLARE PUBLIC levels, Asmall, Alarge 
FOR i = 1 to levels 
FORj = 1 to 6 
IF 0=1) or 0=2) then 
LET twall(l) = twall(1)+t(i,j)/(2*levels) 
ELSEIF 0=3) or 0=4) then 
LET twall(2) = twall(2)+t(i,j)/(2*levels) 
ELSE 
LET twall(3) = twall(3)+t(i,j)/(2*levels) 
END IF 
NEXTj 
NEXTi 
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LET tavg = (Asmall*(twall(1)+twall(2»+Alarge*twall(3»/(2*Asmall+Alarge) 
LET twall(4) = 287. ! Approximate door temperature for all runs 
LET twall(6) = .75*tavg+.25*twall(7) ! Ceiling temperature approx. by the weighted 
average of wall and ice temps. 
END SUB 
!*********************************************************************** 
!************************* SUB GETRADINFO ********************* 
!*********************************************************************** 
SUB getradinfo(emissO, aO, f(,» 
! This subroutine gets the emissivity, approximate area, and view factors for use 
! in determining the radiation heat transfer coefficients. 
DECLARE PUBLIC levels, run 
MAT READ emiss 
DATA .1,.1,.1,.1,.1,.1,.1 
IF (run=24) or (run=25) then 
OPEN #1: name ":Constants:raddata5.csv", create old, org text 
ELSE IF (run=26) or (run=27) then 
OPEN #1: name ":Constants:raddata6.csv", create old, org text 
ELSE IF (run=28) or (run=29) then 
OPEN #1: name ":Constants:raddata7.csv", create old, org text 
ELSE 
LET raddata$ = ":Constants:raddata" & str$(levels) & ".csv" 
OPEN #1: name raddata$, create old, org text 
END IF 
MAT INPUT #1: a, f 
CLOSE #1 
END SUB 
!*********************************************************************** 
!************************* SUB SCRIPTF ************************ 
!*********************************************************************** 
SUB scriptf(aO, f(,), emissO, sf(,» 
!Script F calculation subroutine 
!CO. Pedersen, Mech and Ind eng. University of Illinois 
! 
!Input: 
! a - area vector (assumed to be k elements long) 
! f - direct view factor matrix (k x k) 
! emiss - vector of surface emissivities (k elements long) 
! (k = number of surfaces) 
! 
!Output: 
! sf - matrix of script f factors (k x k) 
! 
!Arrays and Matricies: 
! af - (area * direct view factor) matrix 
! cmtrx - (af - emiss/reflectance) matrix 
! excit - excitation vector (ar*emiss/reflectance) 
! jmtrx - matrix of partial radiosities 
DIM jmtrx(lO, 10), excit(lO,lO), cmtrx(lO,lO) 
DIM af(lO,lO), cinv(lO,lO) 
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!Zero and resize arrays 
LET k = size (a) 
MAT af = zer(k,k) 
MAT cmtrx = zer(k,k) 
MAT cinv = zer(k,k) 
MAT excit = zer(k,k) 
MAT jmtrx = zer(k,k) 
MAT sf = zer(k,k) 
FORi= 1 tok 
FORj = 1 tok 
LET af(i,j) = f(i,j)*a(i) 
LET cmtrx(i,j) = af(i,j) 
NEXTj 
NEXTi 
FORi=l tok 
LET excit(i,i) = -a(i)*emiss(i)/(I.-emiss(i» 
LET cmtrx(i,i) = af(i,i)-a(i)/(I.-emiss(i» 
NEXTi 
!Solve the linear system 
MAT cinv = inv(cmtrx) 
MAT jmtrx = cinv*excit 
FORi = 1 tok 
FORj = 1 tok 
IF i = j then 
LET delta = 1. 
ELSE 
LET delta = O. 
END IF 
LET sf(i,j) = emiss(i)/(l.-emiss(i»*(jmtrx(i,j)-delta*emiss(i» 
NEXTj 
NEXTi 
END SUB 
!*********************************************************************** 
!************************* SUB CALCHRAD ********************** 
!*********************************************************************** 
SUB calchrad(sf(,), twallO, hrad(» 
! This subroutine calculates the radiative heat transfer coefficient from each 
! wall by first calculating the radiative heat flux (qrad) from each wall. Then, 
! hrad = qrad / (Twall - Tice) 
DIMqrad(3) 
MAT qrad = zer(3) 
FORi= 1 to 3 
FORj = 1 to 7 
LET qrad(i) = qrad(i)+sf(i,j)*(5.67e-8)*(twall(i)1\4-twall(j)1\4) 
NEXTj 
LET hrad(i) = qrad(i)/(twall(i)-twall(7» 
NEXTi 
END SUB 
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!*********************************************************************** 
!************************* SUB CALCHCONV ********************* 
!*********************************************************************** 
SUB calchconv(heff(,), hradO, hconv(,), hwallO, havg) 
! This subroutine calculates the convective heat transfer coefficient from each 
! plate, where hconv = heff - hrad. It then averages the hconv over each wall 
! to give the convective heat transfer coefficient of each wall. It also 
! calculates an area-averaged convective h over all walls. 
DECLARE PUBLIC levels, Asmall, Alarge 
MAT hwall = zer(3) 
FOR i = 1 to levels 
FORj = 1 to 6 
IF 0=1) or 0=2) then 
LET hconv(i,j) = heff(i,j)-hrad(l) 
LET hwall(l) = hwall(l)+hconv(i,j)/(2*levels) 
ELSEIF 0=3) or 0=4) then 
LET hconv(i,j) = heff(i,j)-hrad(2) 
LET hwall(2) = hwall(2)+hconv(i,j)/(2*levels) 
ELSE 
LET hconv(i,j) = heff(i,j)-hrad(3) 
LET hwall(3) = hwall(3)+hconv(i,j)/(2*levels) 
END IF 
NEXTj 
NEXTi 
LET havg=(Asmall * (hwall( 1 )+hwall(2) )+Alarge*hwall(3) )/(2* Asmall+Alarge) 
END SUB 
!*********************************************************************** 
!************************* SUBNURA ************************* 
!*********************************************************************** 
SUB nura(twallO, hwallO, nusse1tO, rayleighO, tavg, havg, nuavg, raavg) 
! This subroutine calculates the Nusselt and Rayleigh numbers for each wall. 
! Nu = h * H 1 k, where H = cabinet height 
! Ra = (g * Beta 1 nuJ\2) * (Twall- Tice) * HJ\3 * Pr 
! All properties are evaluated at the mean of the wall temperature and the 
! ice temperature (tmean). 
! Additionally, the subroutine calculates area-averaged Nusselt and Rayleigh 
! numbers over all walls. 
DECLARE PUBLIC levels, heightO 
DIM tmean(3) 
LETngas = 1 
FORi = 1 to 3 
LET tmean(i) = (twall(i)+twall(7»/2 
CALL gaspt(ngas, tmean(i), rho, xmu, xk, cp, grb, pr, ier) 
LET nusselt(i) = hwall(i)*height(levels)*.0254/xk 
LET rayleigh(i) = grb*(twall(i)-twall(7»*(height(levels)*.0254)J\3*pr 
NEXTi 
LET tmeanavg=(tavg+twall(7»/2 
CALL gaspt(ngas, tmeanavg, rho, xmu, xk, cp, grb, pr, ier) 
LET nuavg = havg*height(levels)*.0254/xk 
LET raavg = grb*(tavg-twall(7»*(height(levels)*.0254)J\3*pr 
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END SUB 
!*********************************************************************** 
!************************* SUBGASPT ************************ 
!*********************************************************************** 
!This subroutine is used to obtain the gas properties for the air passing in 
! and out of the refrigerator during the test. The air properties air 
based upon the average outside ambient temperature. 
SUB gaspt(NGAS, T, RHO, XMU, XK, CP, GRB, PR, IER) 
!PROPERTIES OF GASES IN SI UNITS(T.GT.O) OR ENGLISH(T.LT.O) 
!FUNCTIONAL REPRESENTATIONS IN THE FORM OF Y=A *T**B 
!ARRA YS A AND B CONTAIN THE RESPECTIVE CONSTANTS 
!INPUT 
! NGAS - NGAS=1 IS AIR, NGAS=2 IS NITROGEN 
! T -- ABSOLUTE TEMP.(K) OR NEGATIVE OF ABS TEMP(R) 
!OUTPUT 
! RHO -- DENSITY 
! XMU -- VISCOSITY 
! XK -- THERMAL CONDUCTIVITY 
! CP -- SPECIFIC HEAT 
! GRB -- G*BETNXNU**2 
! PR -- PRANDTL NUMBER 
! IER -- ERROR PARAMETER 
! IER=1 -- GAS NUMBER DOES NOT.EXIST. ASSUMED AIR 
IER=2 -- TEMPERATURE IS OUT OF RANGE 
DIM A(2, 15),B(2, 15),R(2,3) 
MAT READ A 
DATA 360.56,.17 64E-6,.1423E-3,990.8,.4178E20, 1.23 
DATA 347.92,.4914E-6,.2494E-3,299.4,.4985EI9,.59,.0,.0,.0 
DATA 432.4,9 .IE-8,1.239E-4, 1553.,4.379E20, 1.137 
DATA 351.6,. 18E-6,.221E-3,1031.,.408E20,.841,.0,.0,.0 
MATREADB 
DATA -1.0059,.814,.9138,.00316,-4.639,-.09685 
DATA -.99987,.6429,.8152,.1962,-4.284,.0239,.0,.0,.0 
DATA -1.046,.938,.9466,-.079,-5.102,-.0872 
DATA -1.005,.8058,.8345,.00239,-4.636,-.02652,.0,.0,.0 
MATREADR 
DATA 150.,400.,2100.,83.,160.,450. 
LETIER=O 
IF NGAS<O AND NGAS >3 THEN 
LETIER=1 
LETNGAS=1 
END IF 
LETI=1 
LETTP=T 
IFT<OTHEN 
LET TP=-TIL 8 
END IF 
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IF (TP<R(NGAS,I) OR TP>R(NGAS,3)) THEN 
LETIER=2 
END IF 
IF T'P>R(NGAS,2) THEN 
LET 1=7 
END IF 
LET RHO=A(NGAS,n*TPAB(NGAS,I) 
LET XMU=A(NGAS,I+ 1)*TPAB(NGAS,I+ 1) 
LET XK=A(NGAS,I+2)*TPAB(NGAS,I+2) 
LET CP=A(NGAS,I+ 3)*TPAB(NGAS,I+ 3) 
LET GRB=A(NGAS,I+4)*TPAB(NGAS,I+4) 
LET PR=A(NGAS,I+5)*TPA B(NGAS,I+5) 
IF T<O THEN 
LET RHO=RH0I16.02 
LET XMU=XMU/1.488 
LET XK=XKl1.731 
LET CP=CP/4187. 
LET GRB=GRB/63.57 
END IF 
END SUB 
!*********************************************************************** 
!************************* SUB SUMMARY ********************** 
!*********************************************************************** 
SUB summary(expt$, config$, timedate$, arearatioO, volratioO, t(,), q(,), he,), hradO, 
twallO, hwallO, nuO, raO, tavg, havg, nuavg, raavg) 
! This subroutine creates two output ftles. The first is a graphical display of 
! the convective h, temperatures, and heat input of each plate. Also included 
! in this ftle is a summary of the wall averaged data (hwall, hrad, twall, Nu, 
! Ra). One of these data ftles is created for each run. The second ftle (one 
! continuous ftle) is a listing of the Ra, area ratio, volume ratio, and Nu 
! for every data run. 
DECLARE PUBLIC run, levels, plate(,) 
OPEN #2: name "::Results:Answer" & str$(run) & ".txt", create newold, org text 
ERASE #2 
PRINT #2 
PRINT #2: 
PRINT #2: 
PRINT #2: 
PRINT #2: 
PRINT #2: 
PRINT #2: 
Run Number: ";run 
Experiment: ";expt$ 
Configuration: ";config$ 
Time and Date of Run: ";timedate$ 
Area Ratio: ";arearatio(run) 
Volume Ratio: ";volratio(run) 
Ice Temp: ###.###":twall(7) PRINT #2, using" 
PRINT #2 
PRINT #2: 
PRINT #2: 
" 
" 
Left Wall 
" 
FOR i = levels to 1 step -1 
Back Wall Right Wall " 
PRINT #2, using" I ## I ## I I ## I ## I I ## I ## 1":plate(i,I), 
plate(i,2), plate(i,5), plate(i,6), plate(i,3), plate(i,4) 
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PRINT #2, using" I #.### I #.### I I #.### I #.### I I #.### I #.### 1":h(i,I), 
h(i,2), h(i,5), h(i,6), h(i,3), h(i,4) 
PRINT #2, using" I ###.### I ###.### I I ###.### I ###.### I I ###.### I ###.### 
I" :t(i, 1), t(i,2), t(i,5), t(i,6), t(i,3), t(i,4) 
PRINT #2, using" I #.### I #.### I I #.### I #.### I I #.### I #.### 1":q(i,I), 
q(i,2), q(i,5), q(i,6), q(i,3), q(i,4) 
PRINT #2: " 
NEXTi 
PRINT #2 
PRINT #2: 
PRINT #2: 
" 
" 
---,,--------------
Left Back Right Average" 
" 
PRINT #2, using" I Avg. HTC I #.### I #.### I #.### I #.### 1":hwall(1), 
hwall(3), hwall(2), havg 
PRINT #2, using" I Rad. HTC I #.### I #.### I #.### I N/A 1":hrad(1), 
hrad(3), hrad(2) 
PRINT #2, using" I Avg. Temp I ###.### I ###.### I ###.### 1###.### 
1":twall(1), twall(3), twall(2), tavg 
PRINT #2, using" I Nusselt I ##.### I ##.### I ##.### I ##.### 1":nu(1), 
nu(3), nu(2), nuavg 
PRINT #2, using" I Rayleigh I #.###AI\J\ I #.###AAA I #.###AI\J\ I #.###AI\J\ 1":ra(I), 
ra(3), ra(2), raavg 
PRINT #2: " 
PRINT #2 
CLOSE #2 
OPEN #1: name "::Results:Reduced.csv", create newold, org text 
RESET #1: end 
" 
PRINT #1, using "##, ##, #.###, #.###AI\J\ , #.###, #.###, ##.###":run, levels, havg, 
raavg, arearatio(run), volratio(run), nuavg . 
CLOSE #1 
END SUB 
C.4 Non-Linear Least Squares (NLLS) 
The appendix contains the True Basic program NLLS. It fits a set of data to a 
arbitrary function (linear or non-linear) using a least squares algorithm. 
! Title: Non-Linear Least Squares Curve Fitting Program 
! Description: 
! Program to fit a set of data with an arbitrary function (linear or non-linear) 
! to a given tolerance using a least squares method by a Gauss-Newton algorithm. 
! The user must defme the function (FUNCTION yHatif) and supply initial guesses 
! for the constants. When run, the user input'a maximum % error to allow for the 
! constants and the maximum number of Newton iterations to allow. 
! Authors: 
! Subroutines "stats" and "gnlls" (modified from "nlls") by Todd L. Williams 
! All other functions and subroutines (including original "nIls") by C. O. Pedersen 
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! The following is a description of the variables used in the main program 
! y - vector of actual or measured dependent values 
x - matrix containing the independent variables 
a :- vector of the constants for the curve fit 
yHat - predicted dependent values 
ysum - the sum of all y values 
yavg - the average of all y values 
OPTION NOLET 
DIM y(1),x(l,l),a(l) 
PUBLIC yHat(l) 
LET n Y =39 ! number of data points 
LET nX=3 ! number of independent variables in function 
LET nA=3 ! number of parameters to be estimated 
! Resize and initialize matrices 
! a = coefficients from correlation (defined in SUB yHatiF) 
! x = independent variable(s) 
! y = independent variable 
MAT a=zer(nA) 
MAT x=zer(nY,nX) 
MAT y=zer(n Y) 
MAT yHat=y ! yHat is the vector of estimated y values 
OPEN #2: name "Calvin:Todd:MSME:Results:Reduced.csv", create old !open input 
file 
LETysum=O 
FORi=l tonY 
INPUT #2: run, levels, hwall, x(i,l), x(i,2), x(i,3), y(i) 
LET ysum=ysum+y(i) 
NEXTi 
CLOSE #2 
LET yavg=ysum!n Y 
MAT READ a ! Initial guesses for coefficients 
DATA .02,.29,.29 
CALL gnlls(y,x,a,nY,nA,nX) ! Perform General Nonlinear Least Squares 
MAT PRINT a ! Output coefficient vector 
CALL yhatvec(yHat,a,x,nY) ! Calculate final yHat (approx. y) 
CALL stats(y,yavg,yHat,n Y) 
END 
!*********************************************************************** 
!************************* 
************************ 
FUNCTION YHATIF 
!*********************************************************************** 
FUNCTION yHatiF(x(,),aO,i) 
! THIS IS WHERE YOU DEFINE YOUR FUNCTION 
! Function which returns a value of yHat for a specific set of 
! coefficients, a, and the ith value of the independent variables,x. 
LET yHatiF=a(1)*x(i,1)Aa(2)*x(i,2)Aa(3) !or change x(i,2) to x(i,3) 
ENDDEF 
!*********************************************************************** 
!************************* SUBGNLLS ************************ 
!*********************************************************************** 
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SUB gnlls(yO,x(,),aO,n Y ,nA,nX) 
! subroutine to perform the Newton iterations for nonlinear 
! least squares 
! Input: 
! y = dependent variable data values (DIM=n Y) 
! x = independent variable data values (DIM=n Y X nX) 
! a = initial guesses for the parameters (DIM=nA) 
! Output: 
! a = updated parameters of the fit 
! Subroutines needed: 
! yHatiF 
yHatvec 
calcNLf 
DIM NLf(I,I),NLITr(I,I),Dy(I),Da(I),FfF(I,I),FfFinv(I,I),rhs(l) 
DECLARE PUBLIC yHatO 
MAT NLf=zer(nY,Na) 
MATNLITr=NLf 
LET delta = .01 
PRINT "What % change between iterations should be allowed for constants"; 
INPUT termcrit 
INPUT prompt "What is the maximum # of iterations to allow? ":maxiterate 
PRINT 
LET iterations=O ! Initialize iteration counter 
DO ! Loop until all coeff. OK or max iterations reached 
CALL calcNLf(x,a,n Y ,NLf,delta) 
MAT NLITr=Tm(NLf) 
MAT FTF=NLITr*NLf 
MAT FTFinv=inv(FTF) 
CALL yHatvec(yHat,a,x,n Y) ! new yHat 
MAT Dy=y-yHat 
MAT rhs=NLITr*Dy 
MAT Da=FTFinv*rhs 
MATa=a+Da 
LETflag=O 
LET maxpercent=O 
FORj=1 to nA ! Error criteria loop 
LET err=(DaG)*100/a(j)) 
IF abs(err)<termcrit then LET flag=flag+l 
IF abs(err»maxpercent then LET maxpercent=abs(err) 
NEXTj 
LET iterations=iterations+ 1 
LOOP until flag=nA or iterations=maxiterate 
! Output setup with some info about stopping criteria 
IF flag=nA then 
PRINT "Successfully met the % change criteria in";iterations;"iterations" 
PRINT"" 
PRINT "The constants were the following when % change criteria was met:" 
ELSE 
PRINT "The % change criteria was not met before the max # of iterations" 
PRINT "The maximum % error in anyone constant was";maxpercent 
PRINT 
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PRINT "The constants were the following at max # of iterations:" 
END IF 
END SUB 
!*********************************************************************** 
!************************* SUBCAULC~F ************************ 
!*********************************************************************** 
SUB Calc~f(x(,),a(),n Y,~f(,),delta) 
! ** 
! Subroutine to fill partial derivative matrix 
To be used with nonlinear least squares routine. 
Requires subroutine yHatvec (user written) 
to evaluate the yHat vector 
(This subroutine is analogous to subroutine calcfp 
in the nr procedure) 
delta is the fractional increment used in pd calculation. 
DIM yHato(I),yHat(l) 
MAT yHato=zer(nY) 
MAT yHat=yHato ! local yHat vector for partial deriv calc 
LET nA=size(a) 
CAULL yHatvec(yHato,a,x,n Y) 
FORi=1 tonA 
LET deltax=delta*a(i) 
LET a(i)=a(i)+deltax 
CAULL yHatvec(yHat,a,x,n Y) 
FOR j=l to nY 
LET ~f(j,i)=(yHat(j)-yHato(j»/(deltax) 
NEXTj 
LET a(i)=a(i)-deltax 
NEXTi 
END SUB 
!*********************************************************************** 
!************************* SUB YHATVEC ************************ 
!*********************************************************************** 
SUB yHatvec(yHat(),a(),x(,),n Y) 
DECLARE DEF yHatiF 
! subroutine to calculate a yHat vector for specific 
! a and x values 
FORi = 1 tonY 
LET yHat(i)=yHatiF(x,a,i) 
NEXTi 
END SUB 
!*********************************************************************** 
!************************* SUB STATS ************************ 
!*********************************************************************** 
SUB stats(y(),yavg,yHat(),n Y) 
! This subroutine calculates a few statistical quantities for the fit. 
! Local Variables: 
! mindev - the minimum deviation of a data point from the fit 
maxdev - the maximum deviation of a data point from the fit 
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avgdev - the average deviation of a data point from the fit 
sumdev - the sum of the deviations 
actsum - the sum of squares of the (measured - average) value 
residsum - the sum of the squares of the (measured - predicted) value 
r2 - the coefficient of detennination (O < r2 < 1) 
r2 = (actsum-residsum)/actsum 
PRINT "mindev","avgdev","maxdev","r2" 
LET maxdev=O 
LET mindev=10000 
LET sumdev=O 
LET actsum=O 
LET residsum=O 
FORj=l tonY 
LET dev=abs{yHat(j)-y(j»*100/y(j) ! Output actual and approx. y 
IF dev>maxdev then LET maxdev=dev 
IF dev<mindev then LET mindev=dev 
LET sumdev=sumdev+dev 
LET actsum=actsum+{y(j)-yavg)1\2 
LET residsum=residsum+{y(j)-yHat(j) )1\2 
NEXTj 
LET avgdev=sumdev/n Y 
LET r2={actsum-residsum)/actsum 
PRINT mindev ,avgdev,maxdev ,r2 
END SUB 
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APPENDIXD. REDUCED DATA SUMMARY 
A summary table of the reduced data for each run is provided in this appendix. 
Each table has run identification information, individual plate data, and wall averaged 
data. The individual plate data consist of the following: the plate number, the average 
convective heat transfer coefficient (yV/m 2-K), the average plate temperature (K), and the 
average power input (yV). The wall averaged data contain the following: the average 
convective heat transfer coefficient (Avg. HTC), the radiative heat transfer coefficient 
(Rad. HTC), the wall averaged temperature (K), the Rayleigh and Nusselt numbers. 
Table 0.1 Reduced data summary for run 1 
Run Number: 1 
Experiment: Characteristic Length Testing 
Configuration: L = 1/4 
Time and Date of Run: 08:56:29.57 2-12-1994 
Area Ratio: .656371 
Volume Ratio: .129432 
Ice Temp: 274.513 
Left Wall Back Wall Right Wall 
7 8 23 24 15 16 
2.514 2.535 2.490 2.495 2.657 2.753 
295.898 295.888 294.988 294.987 295.255 295.259 
1.515 1.526 2.145 2.149 1.540 1.592 
Left Back Right Average 
Avg. HTC 2.525 2.493 2.705 2.562 
Rad. HTC .231 .216 .220 N/A 
Avg. Temp 295.893 294.988 295.257 295.323 
Nusselt 12.861 12.717 13.794 13.066 
Rayleigh 5.30ge+6 5.123e+6 5.17ge+6 5.192e+6 
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Table D.2 Reduced data summary for run 2 
Run Number: 
Experiment: 
Configuration: 
Time and Date of Run: 
Area Ratio: 
Volume Ratio: 
Ice Temp: 
2 
Characteristic Length Testing 
L = 1/4 
11:35:33.21 2-12-1994 
.656371 
.129432 
274.910 
Left Wall Back Wall Right Wall 
7 8 23 24 15 16 
2.739 2.732 2.672 2.739 2.885 2.955 
295.980 295.968 294.977 294.984 295.273 295.274 
1. 624 1.619 2.255 2.308 1. 640 1.677 
Left Back Right Average 
Avg. HTC 2.735 2.705 2.920 2.775 
Rad. HTC .248 .231 .236 N/A 
Avg. Temp 295.974 294.980 295.274 295.348 
Nusselt 13.924 13.792 14.881 14.141 
Rayleigh 5.210e+6 5.006e+6 5.066e+6 5.082e+6 
Table D.3 Reduced data summary for run 3 
Run Number: 3 
Experiment: Characteristic Length Testing 
Configuration: L = 1/4 
Time and Date of Run: 14:10:36.54 2-12-1994 
Area Ratio: .656371 
Volume Ratio: .129432 
Ice Temp: 274.934 
Left Wall Back Wall Right Wall 
7 8 23 24 15 16 
2.790 2.811 2.692 2.760 2.944 2.999 
296.048 296.047 294.950 294.957 295.295 295.304 
1.658 1. 669 2.268 2.321 1. 673 1. 703 
Left Back Right Average 
Avg. HTC 2.801 2.726 2.972 2.817 
Rad. HTC .253 .235 .240 N/A 
Avg. Temp 296.048 294.953 295.299 295.365 
Nusselt 14.253 13 .898 15.142 14.355 
Rayleigh 5.218e+6 4.993e+6 5.;065e+6 5.078e+6 
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Table D.4 Reduced data summary for run 4 
Run Number: 4 
Experiment: Characteristic Length Testing 
configuration: L = 2/4 
Time and Date of Run: 17:13:12.31 2-12-1994 
Area Ratio: .583441 
Volume Ratio: .160055 
Ice Temp: 274.916 
Left Wall Back Wall 
5 6 21 22 
1.070 .936 .811 .797 
295.953 295.944 294.898 294.896 
.715 .642 .805 .794 
7 8 23 24 
3.242 3.324 2.943 3.105 
295.842 295.839 294.777 294.774 
1.884 1.928 2.439 2.563 
Left Back Right 
Avg. HTC 2.143 1.914 2.176 
Rad. HTC .247 .230 .235 
Avg. Temp 295.895 294.836 295.189 
Nusselt 23.998 21.471 24.396 
Rayleigh 5.52ge+7 5.296e+7 5.374e+7 
Right Wall 
13 14 
.933 .998 
295.245 295.244 
.613 .647 
15 16 
3.324 3.448 
295.133 295.136 
1.857 1.922 
Average 
2.054 
N/A 
295.240 
23.030 
5.385e+7 
Table D.5 Reduced data summary for run 5 
Run Number: 
Experiment: 
Configuration: 
Time and Date of Run: 
Area Ratio: 
Volume Ratio: 
Ice Temp: 
Left Wall 
5 6 
1.059 .937 
295.879 295.889 
.699 .634 
7 8 
3.259 3.297 
295.785 295.783 
1.867 1.887 
5 
Characteristic Length Testing 
L = 2/4 
20:00:13.91 2-12-1994 
.583441 
.160055 
275.156 
Back Wall Right Wall 
21 22 13 14 
.754 .808 .899 .949 
294.875 294.888 295.209 295.213 
.752 .794 .588 .614 
23 24 15 16 
2.918 3.115 3.341 3.450 
294.759 294.758 295.095 295.096 
2.390 2.539 1.841 1.897 
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Table D.5 continued 
Left Back Right Average 
AVg. HTC 2.138 1.899 2.160 2.042 
Rad. HTC .248 .231 .237 N/A 
Avg. Temp 295.834 294.820 295.153 295.205 
Nusselt 23.935 21.294 24.210 22.882 
Rayleigh 5.441e+7 5.218e+7 5.292e+7 5.304e+7 
Table D.6 Reduced data summary for run 6 
Run Number: 
Experiment: 
Configuration: 
Time and Date of Run: 
Area Ratio: 
Volume Ratio: 
Ice Temp: 
6 
Characteristic Length Testing 
L = 2/4 
22:45:45.86 2-12-1994 
.583441 
.160055 
275.480 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
.985 .890 .738 .728 .885 .922 
295.872 295.865 294.841 294.850 295.186 295.182 
.650 .600 .727 .720 .571 .590 
7 8 23 24 15 16 
3.249 3.288 2.893 3.029 3.320 3.396 
295.791 295.777 294.722 294.719 295.074 295.078 
1.834 1.853 2.328 2.429 1. 799 1.838 
Left Back Right Average 
Avg. HTC 2.103 1.847 2.131 2.001 
Rad. HTC .250 .232 .238 N/A 
Avg. Temp 295.826 294.783 295.130 295.180 
Nusselt 23.534 20.703 23.870 22.418 
Rayleigh 5.340e+7 5.110e+7 5.187e+7 5.198e+7 
Table D. 7 Reduced data summary for run 7 
Run Number: 7 
Experiment: Characteristic Length Testing 
Configuration: L = 2/4 + Insulation.:barriers 
Time and Date of Run: 13:28:46.50 2-13-1994 
Area Ratio: .583441 
Volume Ratio: .160055 
Ice Temp: 274.216 
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Table D.7 continued 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
1.151 1.006 .820 .817 1.012 1.027 
295.837 295.835 294.716 294.718 295.123 295.124 
.780 .699 .832 .830 .673 .681 
7 8 23 24 15 16 
3.374 3.468 3.037 3.037 3.416 3.537 
295.729 295.727 294.579 294.586 294.998 295.000 
2.010 2.062 2.574 2.575 1.958 2.023 
Left Back Right Average 
Avg. HTC 2.250 1.928 2.248 2.111 
Rad. HTC .247 .228 .235 N/A 
Avg. Temp 295.782 294.650 295.061 295.091 
Nusselt 25.231 21.660 25.241 23.705 
Rayleigh 5.722e+7 5.473e+7 5.564e+7 5.571e+7 
Table D.8 Reduced data summary for run 8 
Run Number: 8 
Experiment: Characteristic Length Testing 
Configuration: L = 2/4 + Insulation barriers 
Time and Date of Run: 17:40:38.65 2-13-1994 
Area Ratio: .583441 
Volume Ratio: .160055 
Ice Temp: 274.619 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
1.117 .969 .751 .757 .968 1.017 
295.855 295 .. 855 294.771 294.774 295.153 295.156 
.748 .667 .765 .770 .638 .664 
7 8 23 24 15 16 
3.343 3.441 2.916 2.950 3.386 3.511 
295.761 295.747 294.646 294.646 295.031 295.034 
1.959 2.011 2.439 2.465 1.908 1.974 
Left Back Right Average 
Avg. HTC 2.218 1.844 2.221 2.058 
Rad. HTC .248 .230 .236 N/A 
Avg. Temp 295.805 294.709 29;5 .094 295.132 
Nusselt 24.853 20.698 24.915 23.091 
Rayleigh 5.601e+7 5.360e+7 5.445e+7 5.454e+7 
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Table D.9 Reduced data summary for run 10 
Run Number: 10 
Experiment: Characteristic Length Testing 
Configuration: L = 3/4 
Time and Date of Run: 11:30:00.47 2-14-1994 
Area Ratio: .58027 
Volume Ratio: .143776 
Ice Temp: 274.346 
Left Wall Back Wall Right Wall 
3 4 19 20 11 12 
.937 .871 .793 .800 .837 .822 
295.923 295.908 295.045 295.011 295.349 295.314 
.652 .615 .811 .815 .575 .566 
5 6 21 22 13 14 
2.085 1.903 1. 759 1.843 1.980 2.077 
295.812 295.810 294.863 294.859 295.183 295.185 
1.285 1.184 1.571 1.637 1.185 1.237 
7 8 23 24 15 16 
3.907 3.637 3.383 3.365 4.180 4.390 
295.802 295.805 294.825 294.824 295.112 295.115 
2.293 2.144 2.855 2.841 2.360 2.473 
Left Back Right Average 
Avg. HTC 2.223 1.991 2.381 2.169 
Rad. HTC .234 .219 .224 N/A 
Avg. Temp 295.843 294.905 295.210 295.260 
Nusselt 38.523 34.542 41.299 37.611 
Rayleigh 2.102e+8 2.026e+8 2.051e+8 2.055e+8 
Table D.lO Reduced data summary for run 12 
Run Number: 12 
Experiment: Characteristic Length Testing 
Configuration: L = 3/4 
Time and Date of Run: 15:33:16.48 2-14-1994 
Area Ratio: .58027 
Volume Ratio: .143776 
Ice Temp: 274.199 
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Table D.IO continued 
Left Wall Back Wall Right Wall 
3 4 19 20 11 12 
.935 .855 .739 .729 .764 .782 
296 .242 296.228 295.211 295.176 295.539 295.512 
.670 .624 .785 .775 .548 .557 
5 6 21 22 13 14 
2.090 1.897 1. 756 1.806 1.968 2.065 
296.091 296.089 295.022 295.019 295.361 295.362 
1.318 1.209 1.597 1. 637 1.201 1.254 
7 8 23 24 15 16 
4.032 3.795 3.476 3.519 4.332 4.420 
295.983 295.986 294.901 294.904 295.226 295.226 
2.403 2.270 2.966 3.001 2.476 2.524 
Left Back Right Average 
Avg. HTC 2.267 2.004 2.389 2.189 
Rad. HTC .243 .226 .231 N/A 
Avg. Temp 296.103 295.039 295.371 295.438 
Nusselt 39.276 34.774 41.428 37.962 
Rayleigh 2.140e+8 2.054e+8 2.081e+8 2.086e+8 
Table D.ll Reduced data summary for run 13 
Run Number: 13 
Experiment: Characteristic Length Testing 
Configuration: L = 3/4 
Time and Date of Run: 18:17:21.88 2-14-1994 
Area Ratio: .58027 
Volume Ratio: .143776 
Ice Temp: 274.733 
Left Wall Back Wall Right Wall 
3 4 19 20 11 12 
.916 .849 .763 .821 .806 .808 
296.172 296.169 295.187 295.121 295.497 295.445 
.643 .606 .785 .828 .557 .557 
5 6 21 22 13 14 
2.119 1.910 1.777 1.847 1.997 2.097 
296.029 296.033 294.966 294.960 295.295 295.294 
1.300 1.185 1.571 1. 625 1.184 1.237 
7 8 23 24 15 16 
4.131 3.872 3.567 3.658 4.367 4.553 
295.927 295.931 294.834 294.835 295.164 295.163 
2.394 2.253 2.953 3.024 2.426 2.524 
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Table D.ll continued 
Left Back Right Average 
Avg. lITC 2.300 2.072 2.438 2.242 
Rad. HTC .246 .229 .234 N/A 
Avg. Temp 296.044 294.984 295.310 295.380 
Nusselt 39.807 35.926 42.255 38.844 
Rayleigh 2.074e+8 1.988e+8 2.014e+8 2.020e+8 
Table D.12 Reduced data summary for run 14 
Run Number: 14 
Experiment: Characteristic Length Testing 
Configuration: L = 4/4 
Time and Date of Run: 10:08:10.79 2-15-1994 
Area Ratio: .552733 
Volume Ratio: .151631 
Ice Temp: 273.968 
Left Wall Back Wall Right Wall 
1 2 17 18 9 10 
.738 .618 .494 .461 .511 .577 
296.071 296.056 294.788 294.785 295.450 295.453 
.558 .489 .577 .550 .410 .447 
3 4 19 20 11 I- 12 
1.366 1.248 1.141 1.165 1.171 1 1.239 
295.944 295.937 294.895 294.868 295.251 1 295.221 
.911 .844 1.104 1.122 .769 1 .805 
5 6 21 22 13 14 
2.429 2.253 2.046 2.042 2.222 2.298 
295.814 295.821 294.733 294.731 295.106 295.102 
1.505 1.406 1.823 1.820 1.337 1.378 
7 8 23 24 15 16 
4.125 4.617 3.970 3.810 4.242 4.252 
295.736 295.729 294.663 294.667 294.995 294.992 
2.452 2.728 3.358 3.231 2.426 2.431 
Left Back Right Average 
1 Avg. HTC 2.174 1.891 2.064 2.021 
1 Rad. HTC .240 .222 .229 N/A 
1 Avg. Temp 295.888 294.766 295.196 295.210 
1 Nusselt 50.995 44.434 48.459 47.460 
1 Rayleigh 5.323e+8 5.098e+8 5.185e+8 5.187e+8 
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Table D.13 Reduced data summary for run 15 
Run Number: 
Experiment: 
configuration: 
Time and Date of Run: 
Area Ratio: 
Volume Ratio: 
Ice Temp: 
15 
Characteristic Length Testing 
L '" 4/4 
12:44:29.43 2-15-1994 
.552733 
.151631 
274.190 
Left Wall Back Wall Right Wall 
1 2 17 18 9 10 
.585 .494 .378 .311 .399 .418 
296.208 296.178 294.920 294.913 295.581 295.569 
.470 .418 .483 .429 .348 .358 
3 4 19 20 11 12 
1.166 1.081 .977 1.053 1.014 1.066 
296.068 296.055 295.051 295.003 295.382 295.333 
.795 .747 .970 1.029 .681 .708 
5 6 21 22 13 14 
2.311 2.118 1.904 1.915 2.107 2.202 
295.923 295.925 294.851 294.850 295.207 295.208 
1.432 1.324 1. 702 1.711 1.268 1.320 
7 8 23 24 15 16 
4.181 4.333 3.939 3.747 4.174 4.198 
295.817 295.813 294.718 294.728 295.081 295.084 
2.469 2.553 3.308 3.157 2.375 2.388 
Left Back Right Average 
Avg. HTC 2.034 1.778 1.947 1.899 
Rad. HTC .243 .224 .231 N/A 
Avg. Temp 295.998 294.879 295.306 295.321 
Nusselt 47.669 41. 750 45.697 44.571 
Rayleigh 5.281e+8 5.057e+8 5.143e+8 5.146e+8 
Table D.14 Reduced data summary for run 16 
Run Number: 16 
Experiment: Characteristic Length Testing 
Configuration: L '" 4/4 
Time and Date of Run: 15:20:46.25 2-15-1994 
Area Ratio: .552733 
Volume Ratio: .151631 
Ice Temp: 274.468 
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Table D.14 continued 
Left Wall Back Wall Right Wall 
1" 2 17 18 9 10 
.608 .519 .343 .344 .415 .401 
296.554 296.541 295.160 295.139 295.799 295.792 
.487 .436 .456 .456 .357 .349 
3 4 19 20 11 12 
1.203 1.087 .978 1.053 1.063 1. 065 
296.418 296.404 295.269 295.233 295.601 295.572 
.821 .755 .970 1.028 .707 .707 
5 6 21 22 13 14 
2.338 2.167 1.941 1.951 2.143 2.253 
296.270 296.269 295.074 295.070 295.422 295.429 
1.454 1.358 1.729 1. 736 1.285 1.345 
7 8 23 24 15 16 
4.153 4.589 3.995 3.850 4.253 4.213 
296.144 296.136 294.950 294.943 295.286 295.287 
2.461 2.704 3.347 3.231 2.410 2.389 
Left Back Right Average 
Avg. HTC 2.083 1.807 1.976 1. 934 
Rad. HTC .246 .226 .233 N/A 
Avg. Temp 296.342 295.105 295.523 295.578 
Nusselt 48.782 42.400 46.334 45.350 
Rayleigh 5.270e+8 5.023e+8 5.107e+8 5.118e+8 
Table D.15 Reduced data summary for run 20 
Run Number: 20 
Experiment: Spacing and Thermal Load Testing 
Configuration: 6 - 1/2 gals. ice separated by 2" 
Time and Date of Run: 11:47:53,.82 2-16-1994 
Area Ratio: .748177 
Volume Ratio: .160055 
Ice Temp: 274.618 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
1.357 1.178 1.010 1.059 1.142 1.202 
295.841 295.839 294.907 294.914 295.186 295.193 
.870 .772 .963 1.002 .723 .755 
7 8 23 24 15 16 
3.397 3.343 3.107 3.047 3.274 3.541 
295.803 295.791 294.901 294.894 295.122 295.121 'I 
1.984 1. 953 2.609 2.561 1.849 1.990 1 
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Table D.15 continued 
Left Back Right Average 
Avg. HTC 2.319 2.056 2.290 2.198 
Rad. HTC .232 .216 .220 N/A 
Avg. Temp 295.819 294.904 295.155 295.237 
Nusselt 25.987 23.071 25.688 24.653 
Rayleigh 5.605e+7 5.404e+7 5.45ge+7 5.477e+7 
Table D.16 Reduced data summary for run 21 
Run Number: 21 
Experiment: 
Configuration: 
Time and Date of Run: 
Spacing and Thermal Load Testing 
6 - 1/2 gals. ice separated by 2" 
14:19:27.51 2-16-1994 
Area Ratio: 
Volume Ratio: 
Ice Temp: 
Left Wall 
5 6 
1.335 1.159 
296.015 296.016 
.870 .773 
7 8 
3.492 3.483 
295.929 295.923 
2.051 2.045 
Avg. HTC 
Rad. HTC 
.748177 
.160055 
274.655 
Back Wall 
21 22 
.998 1.016 
294.980 294.971 
.963 .977 
23 24 
3.217 3.201 
294.884 294.886 
2.696 2.684 
Left Back Right 
2.367 2.108 2.378 
.243 .226 .231 
Avg. Temp 295.971 294.930 295.207 
Nusselt 26.521 23.654 26.676 
Rayleigh 5.626e+7 5.398e+7 5.45ge+7 
Right 
13 
1.161 
295.261 
.740 
15 
3.502 
295.160 
1.975 
Average 
2.259 
N/A 
295.307 
25.337 
5.481e+7 
Wall 
14 
1.190 
295.254 
.755 
16 
3.660 
295.152 
2.058 
Table D.17 Reduced data summary for run 22 
Run Number: 22 
Experiment: 
Configuration: 
Time and Date of Run: 
Area Ratio: 
Spacing and Thermal Load Testing 
6 - 1/2 gals. ice separated by 4" 
16:56:28.16 2-16-1994 
.912913 
Volume Ratio: .160055 
Ice Temp: 274.824 
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Table D.l? continued 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
1.316 1.105 1.000 1.020 1.089 1.152 
295.815 295.794 294.795 294.802 295.030 295.031 
.846 .731 .950 .966 .689 .722 
7 8 23 24 15 16 
3.495 3.530 3.257 3.208 3.572 3.753 
295.732 295.722 294.715 294.726 294.930 294.925 
2.018 2.036 2.684 2.648 1.974 2.067 
Left Back Right Average 
Avg. HTC 2.362 2.121 2.392 2.267 
Rad. HTC .245 .229 .232 N/A 
Avg. Temp 295.766 294.760 294.979 295.110 
Nusselt 26.460 23.808 26.830 25.430 
Rayleigh 5.52ge+7 5.308e+7 5.356e+7 5.385e+7 
Table D.18 Reduced data summary for run 23 
Run Number: 23 
Experiment: Spacing and Thermal Load Testing 
Configuration: 6 - 1/2 gals. ice separated by 4" 
Time and Date of Run: 19:40:07.80 2-16-1994 
Area Ratio: .912913 
Volume Ratio: .160055 
Ice Temp: 274.848 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
1.305 1.155 .985 .991 1.136 1.168 
295.791 295.788 294.765 294.757 295.036 295.041 
.838 .757 .936 .940 .713 .730 
7 8 23 24 15 16 
3.545 3.581 3.286 3.221 3.547 3.741 
295.723 295.717 294.658 294.671 294.930 294.927 
2.042 2.061 2.695 2.647 1.959 2.059 
Left Back Right Average 
Avg. HTC 2.396 2.121 2.398 2.279 
Rad. HTC .246 .229 .233 N/A 
Avg. Temp 295.755 294.713 29~.984 295.088 
Nusselt 26.847 23.800 2'6.898 25.557 
Rayleigh 5.51ge+7 5.290e+7 5.350e+7 5.373e+7 
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Table D.19 Reduced data summary for run 24 
Run Number: 24 
Experiment: Spacing and Thermal Load Testing 
Configuration: 4 - 1/2 gals. in center 
Time and Date of Run: 11:15:16.33 2-17-1994 
Area Ratio: .466752 
Volume Ratio: .106704 
Ice Temp: 275.113 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
.954 .799 .662 .660 .783 .787 
295.814 295.810 294.878 294.884 295.168 295.168 
.626 .543 .660 .659 .512 .514 
7 8 23 24 15 16 
2.603 2.503 2.351 2.422 2.583 2.665 
295.798 295.787 294.845 294.853 295.110 295.117 
1.506 1.452 1.949 2.004 1.439 1.482 
Left Back Right Average 
Avg. HTC 1.715 1.524 1.705 1. 630 
Rad. HTC .218 .201 .206 N/A 
Avg. Temp 295.802 294.865 295.141 295.212 
Nusselt 19.202 17.089 19.108 18.270 
Rayleigh 5.448e+7 5.242e+7 5.303e+7 5.318e+7 
Table D.20 Reduced data summary for run 25 
Run Number: 25 
Experiment: Spacing and Thermal Load Testing 
Configuration: 4 - 1/2 gals. in center 
Time and Date of Run: 13:45:55.37 2-17-1994 
Area Ratio: .466752 
Volume Ratio: .106704 
Ice Temp: 275.404 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
.779 .664 .530 .572 .680 .717 
295.795 295.791 294.811 294.819 295.103 295.108 
.529 .468 .554 .586 .454 .473 
7 8 23 24 15 16 
2.526 2.472 2.373 2.401 2.547 2.662 
295.778 295.774 294.788 294.768 295.023 295.027 
1.447 1.418 1.936 1.955 1.397 1.456 
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Table D.20 continued 
Left Back Right Average 
Avg. HTC 1.610 1.469 1.652 1.561 
Rad. HTC .226 .208 .213 N/A 
Avg. Temp 295.785 294.796 295.065 295.156 
Nusselt 18.024 16.466 18.509 17.495 
Rayleigh 5.354e+7 5.137e+7 5.196e+7 5.216e+7 
Table D.21 Reduced data summary for run 26 
Run Number: 26 
Experiment: Spacing and Thermal Load Testing 
Configuration: 8 - 1/2 gals. in center 
Time and Date of Run: 18:17:20.61 2-17-1994 
Area Ratio: .700129 
Volume Ratio: .213407 
Ice Temp: 274.076 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
1.436 1.265 1.153 1.188 1.332 1.360 
295.816 295.815 294.811 294.810 295.102 295.098 
.951 .855 1.121 1.149 .857 .872 
7 8 23 24 15 16 
3.548 3.657 3.595 3.575 3.830 3.815 
295.727 295.716 294.692 294.697 294.983 294.992 
2.127 2.187 3.063 3.048 2.200 2.193 
Left Back Right Average 
Avg. HTC 2.476 2.378 2.584 2.465 
Rad. HTC .259 .244 .248 N/A 
Avg. Temp 295.768 294.752 295.044 295.126 
Nusselt 27.779 26.714 29.020 27.678 
Rayleigh 5.763e+7 5.540e+7 5.604e+7 5.622e+7 
Table D.22 Reduced data summary for run 27 
Run Number: 27 
Experiment: Spacing and Thermal Load Testing 
Configuration: 8 - 1/2 gals. in center 
Time and Date of Run: 20:58:31.01 2-17-1994 
Area Ratio: .700129 
Volume Ratio: .213407 
Ice Temp: 274.319 
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Table D.22 continued 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
1.374 1.202 1.067 1.093 1.236 1.280 
295.866 295.865 294.821 294.817 295.119 295.112 
.910 .814 1.042 1.062 .798 .821 
7 8 23 24 15 16 
3.595 3.598 3.469 3.496 3.718 3.721 
295.766 295.760 294.688 294.692 294.989 294.985 
2.135 2.136 2.929 2.951 2.117 2.118 
Left Back Right Average 
Avg. HTC 2.442 2.281 2.489 2.387 
Rad. HTC .262 .246 .250 N/A 
Avg. Temp 295.814 294.755 295.051 295.142 
Nusselt 27.385 25.620 27.941 26.788 
Rayleigh 5.697e+7 5.464e+7 5.530e+7 5.550e+7 
Table D.23 Reduced data summary for run 28 
Run Number: 28 
Experiment: Spacing and Thermal Load Testing 
Configuration: 12 - 1/2 gals. in center 
Time and Date of Run: 11:49:24.95 2-18-1994 
Area Ratio: .816817 
Volume Ratio: .320111 
Ice Temp: 274.467 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
1.578 1.388 1.250 1.293 1.428 1.469 
295.790 295.799 294.849 294.852 295.128 295.131 
1.016 .912 1.187 1.221 .899 .921 
7 8 23 24 15 16 
3.818 3.836 3.718 3.823 3.856 4.145 
295.736 295.729 294.789 294.785 295.036 295.033 
2.243 2.252 3.125 3.207 2.184 2.337 
Left Back Right Average 
Avg. HTC 2.655 2.521 2.725 2.617 I 
Rad. HTC .269 .255 .258 N/A I 
Avg. Temp 295.763 294.819 295.082 295.164 I 
Nusselt 29.761 28.302 3·0.577 29.369 I 
Rayleigh 5.640e+7 5.432e+7 5.490e+7 5.508e+7 I 
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Table D.24 Reduced data summary for run 29 
Run Number: 29 
Experiment: Spacing and Thermal Load Testing 
Configuration: 12 - 1/2 gals. in center 
Time and Date of Run: 14:23:20.06 2-18-1994 
Area Ratio: .816817 
Volume Ratio: .320111 
Ice Temp: 274.599 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
1.492 1.333 1.158 1.209 1.343 1.419 
295.800 295.802 294.796 294.796 295.048 295.052 
.967 .880 1.108 1.148 .848 .888 
7 8 23 24 15 16 
3.876 3.817 3.778 3.852 3.919 4.180 
295.696 295.696 294.593 294.593 294.918 294.918 
2.260 2.228 3.125 3.182 2.193 2.330 
Left Back Right Average 
Avg. HTC 2.630 2.499 2.715 2.598 
Rad. HTC .275 .260 .264 N/A 
Avg. Terrp 295.749 294.695 294.984 295.078 
Nusselt 29.474 28.058 30.471 29.152 
Rayleigh 5.595e+7 5.363e+7 5.427e+7 5.448e+7 
Table D.25 Reduced data summary for run 30 
Run Number: 30 
Experiment: Spacing and Thermal Load Testing 
Configuration: 6 - 1/2 gals. in center 
Time and Date of Run: 09:59:41.14 2-19-1994 
Area Ratio: .583441 
Volume Ratio: .160055 
Ice Temp: 274.348 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
1.255 1.107 .953 .992 1.110 1.155 
295.479 295.478 294.638 294.636 294.848 294.853 
.813 .732 .923 .953 .706 .730 
7 8 23 24 15 16 
3.054 3.182 2.903 3.047 3.329 3.307 
295.448 295.438 294.606 294.606 294.785 294.789 
1. 791 1.860 2.450 2.563 1.874 1.863 
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Table D.25 continued 
Left Back Right Average 
Avg. HTC 2.150 1.974 2.225 2.096 
Rad. HTC .235 .222 .225 N/A 
Avg. Terrp 295.461 294.621 294.819 294.918 
Nusselt 24.114 22.170 24.988 23.531 
Rayleigh 5.611e+7 5.425e+7 5.46ge+7 5.491e+7 
Table D.26 Reduced data summary for run 31 
Run Number: 31 
Experiment: Spacing and Thermal Load Testing 
Configuration: 6 - 1/2 gals. in center 
Time and Date of Run: 12:41:56.57 2-19-1994 
Area Ratio: .583441 
Volume Ratio: .160055 
Ice Temp: 274.671 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
1.173 .991 .882 .943 1.027 1.105 
295.553 295.563 294.617 294.615 294.857 294.861 
.764 .666 .857 .904 .656 .697 
7 8 23 24 15 16 
3.150 3.204 2.956 3.102 3.366 3.327 
295.503 295.494 294.458 294.460 294.765 294.768 
1.825 1.853 2.439 2.551 1.866 1.846 
Left Back Right Average 
Avg. HTC 2.130 1.971 2.206 2.084 
Rad. HTC .244 .228 .232 N/A 
Avg. Terrp 295.528 294.538 294.813 294.899 
Nusselt 23.875 22.130 24.764 23.382 
Rayleigh 5.525e+7 5.306e+7 5.367e+7 5.386e+7 
Table D.27 Reduced data summary for run 32 
Run Number: 32 
Experiment: Spacing and Thermal Load Testing 
Configuration: 6 - 1/2 gals. separated by 2" of insulation 
Time and Date of Run: 15:48:11.05 2-19-1994 
Area Ratio: .748177 
Volume Ratio: .160055 
Ice Temp: 275.104 
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Table D.27 continued 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
1.383 1.199 1.096 1.078 1.214 1.260 
295.569 295.564 294.602 294.597 294.861 294.875 
.862 .765 1.003 .989 .740 .764 
7 8 23 24 15 16 
3.361 3.414 3.201 3.089 3.524 3.538 
295.505 295.500 294.464 294.471 294.754 294.753 
1.901 1.928 2.573 2.490 1. 907 1.914 
Left Back Right Average 
Avg. HTC 2.339 2.116 2.384 2.256 
Rad. HTC .249 .233 .237 N/A 
Avg. Temp 295.535 294.534 294.811 294.899 
Nusselt 26.207 23.742 26.738 25.303 
Rayleigh 5.392e+7 5 . 171e+ 7 5.232e+7 5.252e+7 
Table D.28 Reduced data summary for run 33 
Run Nwnber: 33 
Experiment: Spacing and Thermal Load Testing 
Configuration: 6 - 1/2 gals. separated by' 2" of insulation 
Time and Date of Run: 18:50:15.62 2-19-1994 
Area Ratio: .748177 
Volume Ratio: .160055 
Ice Temp: 275.140 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
1.381 1.166 1.008 1.028 1.178 1.227 
295.599 295.608 294.637 294.635 294.900 294.903 
.861 .748 .937 .952 .722 .747 
7 8 23 24 15 16 
3.345 3.381 3.227 3.146 3.445 3.472 
295.534 295.532 294.536 294.549 294.777 294.780 
1.892 1.911 2.598 2.539 1.866 1.880 
Left Back Right Average 
Avg. HTC 2.318 2.102 2.330 2.229 
Rad. HTC .250 .234 .238 N/A 
Avg. Temp 295.568 294.589 29~.840 294.941 
Nusselt 25.969 23.583 26.135 24.994 
Rayleigh 5.388e+7 5.172e+7 5.228e+7 5.250e+7 
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Table D.29 Reduced data summary for run 34 
Run Number: 
Experiment: 
Configuration: 
Time and Date of Run: 
Area Ratio: 
Volume Ratio: 
Ice Temp: 
34 
More Characteristic Length Testing 
L = 1/4, T = 300 K 
20:21:07.09 2-20-1994 
.656371 
.129432 
275.019 
Left Wall Back Wall Right Wall 
7 8 23 24 15 16 
2.733 2.817 2.845 2.884 2.943 3.009 
299.415 299.403 299.017 299.014 298.692 298.692 
1.876 1.928 2.867 2.903 1.942 1.982 
Left Back Right Average 
Avg. HTC 2.775 2.865 2.976 2.871 
Rad. HTC .247 .241 .236 N/A 
Avg. Temp 299.409 299.015 298.692 299.036 
Nusselt 14.047 14.509 15.080 14.540 
Rayleigh 5.85ge+6 5.783e+6 5.720e+6 5.787e+6 
Table D.30 Reduced data summary for run 35 
Run Number: 35 
Experiment: More Characteristic Length Testing 
Configuration: L = 1/4, T = 300 K 
Time and Date of Run: 22:51:28.49 2-20-1994 
Area Ratio: .656371 
Volume Ratio: .129432 
Ice Temp: 275.606 
Left Wall Back Wall Right Wall 
7 8 23 24 15 16 
2.921 2.965 2.952 3.042 3.092 3.160 
299.755 299.736 299.207 299.215 298.881 298.882 
1.984 2.010 2.930 3.013 2.007 2.048 
Left Back Right Average 
Avg. HTC 2.943 2.997 3.126 3.018 
Rad. HTC .262 .255 .250 N/A 
Avg. Temp 299.745 299.211 298.881 299.270 
Nusselt 14.876 15.161 15.820 15.268 
Rayleigh 5.755e+6 5.652e+6 5.;588e+6 5.663e+6 
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Table D.31 Reduced data summary for run 38 
Run Number: 38 
Experiment: 
Configuration: 
More Characteristic Length Testing 
L = 2/4, T = 300 K 
Time and Date of Run: 12:22:19.52 2-21-1994 
Area Ratio: 
Volume Ratio: 
Ice Temp: 
.583441 
.160055 
274.529 
Left Wall Back Wall 
5 6 21 22 
1.341 1.180 1.093 1.125 
301.206 301. 209 300.586 300.585 
1.105 .994 1.360 1.392 
7 8 23 24 
3.740 3.739 3.460 3.514 
300.777 300.773 300.170 300.163 
2.712 2.711 3.688 3.740 
Left Back Right 
Avg. HTC 2.500 2.298 2.536 
Rad. HTC .264 .255 .252 
Avg. Temp 300.991 300.376 300.147 
Nusselt 27.792 25.569 28.229 
Rayleigh 6.708e+7 6.585e+7 6.53ge+7 
Right Wall 
13 14 
1.170 1.216 
300.379 300.377 
.949 .979 
15 16 
3.822 3.936 
299.913 299.919 
2.669 2.744 
Average 
2.424 
N/A 
300.486 
26.964 
6.607e+7 
Table D.32 Reduced data summary for run 39 
Run Number: 
Experiment: 
Configuration: 
Time and Date of Run: 
Area Ratio: 
Volume Ratio: 
Ice Temp: 
Left Wall 
5 6 
1.229 1.090 
301.473 301. 472 
1.016 .921 
7 8 
3.651 3.624 
300.982 300.987 
2.612 2.595 
39 
More Characteristic Length Testing 
L = 2/4, T = 300 K 
15:37:16.07 2-21-1994 
.583441 
.160055 
275.138 
Back Wall Right Wall 
21 22 13 14 
1.028 1.081 1.064 1.101 
300.842 300.849 300.578 300.583 
1.279 1.332 .865 .889 
23 24 15 16 
3.420 3.375 3.709 3.797 
300.358 300.361: 300.094 300.097 
3.590 3.546 2.552 2.609 
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Table D.32 continued 
Left Back Right Average 
Avg. HTC 2.398 2.226 2.418 2.330 
Rad. HTC .266 .257 .253 N/A 
Avg. Temp 301.229 300.602 300.338 300.706 
Nusselt 26.627 24.739 26.880 25.890 
Rayleigh 6.568e+7 6.443e+7 6.390e+7 6.464e+7 
Table D.33 Reduced data summary for run 41 
Run Number: 41 
Experiment: More Characteristic Length Testing 
Configuration: L = 3/4, T = 300 K 
Time and Date of Run: 19:07:39.98 2-21-1994 
Area Ratio: .58027 
Volume Ratio: .143776 
Ice Temp: 275.182 
Left Wall Back Wall Right Wall 
3 4 19 20 11 12 
1.221 1.096 1.115 1.150 1.056 1.084 
301. 965 301.957 301. 479 301.432 301.143 301.103 
1.027 .940 1.396 1.429 .876 .894 
5 6 21 22 13 14 
2.442 2.246 2.212 2.235 2.288 2.385 
301. 594 301.596 301.029 301.028 300.686 300.679 
1.845 1. 711 2.470 2.493 1.672 1. 735 
7 8 23 24 15 16 
4.403 4.561 4.188 4.186 4.796 4.765 
301.169 301.169 300.538 300.533 300.230 300.230 
3.130 3.236 4.362 4.360 3.263 3.243 
Left Back Right Average 
Avg. HTC 2.661 2.514 2.729 2.618 
Rad. HTC .265 .257 .252 N/A 
Avg. Temp 301.575 301. 007 300.678 301. 075 
Nusselt 45.633 43.151 46.858 44.919 
Rayleigh 2.445e+8 2.403e+8 2.37ge+8 2.408e+8 
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Table D.34 Reduced data summary for run 42 
Run Number: 42 
Experiment: More Characteristic Length Testing 
Configuration: L = 3/4, T = 300 K 
Time and Date of Run: 21:41:50.58 2-21-1994 
Area Ratio: .58027 
Volume Ratio: .143776 
Ice Temp: 274.775 
Left Wall Back Wall Right Wall 
3 4 19 20 11 12 
1.074 .940 1.010 1.070 .880 .907 
301.721 301.708 301.349 301.313 300.889 300.848 
.929 .835 1.302 1.362 .761 .778 
5 6 21 22 13 14 
2.263 2.075 2.049 2.096 2.106 2.202 
301.356 301.360 300.954 300.953 300.489 300.489 
1. 732 1.603 2.336 2.383 1.563 1.627 
7 8 23 24 15 16 
4.277 4.386 4.036 4.022 4.507 4.486 
300.994 300.995 300.510 300.514 300.063 300.060 
3.071 3.145 4.276 4.262 3.104 3.090 
Left Back Right Average 
Avg. HTC 2.502 2.381 2.515 2.454 
Rad. HTC .262 .256 .249 N/A 
Avg. Temp 301.356 300.932 300.473 300.922 
Nusselt 42.950 40.884 43.219 42.142 
Rayleigh 2.475e+8 2.444e+8 2.410e+8 2.443e+8 
Table D.35 Reduced data summary for run 43 
Run Number: 43 
Experiment: More Characteristic Length Testing 
Configuration: L = 4/4, T = 300 K 
Time and Date of Run: 11:29:49.87 2-22-1994 
Area Ratio: .552733 
Volume Ratio: .151631 
Ice Temp: 274.560 
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Table D.35 continued 
Left Wall Back Wall Right Wall 
1 1 2 17 18 9 10 
I" .882 .761 .752 .714 .634 .689 
1 301. 949 301. 936 301.165 301.153 301.249 301.245 
1 .807 .721 1.032 .992 .607 .645 
3 4 19 20 11 12 
1.651 1.546 1.483 1.546 1.458 1.512 
301. 714 301.709 301.117 301.087 300.889 300.864 
1.339 1.265 1. 781 1.844 1.159 1.194 
5 6 21 22 13 14 
2.781 2.569 2.419 2.463 2.678 2.791 
301.414 301.414 300.752 300.748 300.484 300.484 
2.107 1.960 2.706 2.750 1.957 2.033 
7 8 23 24 15 16 
4.585 4.656 4.341 4.337 4.883 5.049 
300.998 300.994 300.345 300.344 300.019 300.022 
3.305 3.353 4.582 4.578 3.371 3.480 
Left Back Right Average 
Avg. HTC 2.429 2.257 2.462 2.365 
Rad. HTC .259 .250 .247 N/A 
Avg. Temp 301.516 300.839 300.657 300.980 
Nusselt 56.407 52.466 57.247 54.958 
Rayleigh 6.218e+8 6.095e+8 6.062e+8 6.121e+8 
Table D.36 Reduced data summary for run 44 
Run Number: 44 
Experiment: More Characteristic Length Testing 
Configuration: L = 4/4, T = 300 K 
Time and Date of Run: 14:06:13.51 2-22-1994 
Area Ratio: .552733 
Volume Ratio: .151631 
Ice Temp: 274.896 
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Table D.36 continued 
Left Wall Back Wall Right Wall 
1 2 17 18 9 10 
.782 .661 .628 .641 .545 .588 
302.158 302.123 301.280 301.277 301.392 301.391 
.735 .649 .899 .912 .544 .573 
3 4 19 20 11 12 
1. 546 1.442 1.391 1.414 1.337 1.405 
301.869 301.861 301.235 301.203 301. 008 300.994 
1.259 1.186 1.675 1.697 1.070 1.115 
5 6 21 22 13 14 
2.689 2.495 2.312 2.355 2.559 2.653 
301.497 301.502 300.831 300.830 300.616 300.611 
2.026 1.893 2.574 2.617 1.865 1.927 
7 8 23 24 15 16 
4.480 4.661 4.257 4.278 4.779 5.087 
301. 086 301.089 300.376 300.380 300.161 300.160 
3.205 3.328 4.447 4.469 3.279 3.480 
Left Back Right Average 
Avg. HTC 2.345 2.159 2.369 2.272 
Rad. HTC .262 .252 :251 N/A 
Avg. Temp 301. 648 300.927 300.792 301. 094 
Nusselt 54.405 50.167 55.052 52.774 
Rayleigh 6.147e+8 6.017e+8 5.992e+8 6.047e+8 
Table D.37 Reduced data summary for run 45 
Run Number: 
Experiment: 
Configuration: 
Time and Date of Run: 
Area Ratio: 
Volume Ratio: 
Ice Temp: 
45 
More Characteristic Length Testing 
L = 1/4, T = 290 K 
12:50:01.18 2-23-1994 
.656371 
.129432 
275.413 
Left Wall Back Wall Right Wall 
7 8 23 24 15 16 
2.779 2.788 2.711 2.849 2.799 2.835 
295.247 295.240 294.244 294.253 294.073 294.067 
1.549 1.553 2.144 2.246 1.457 1.474 
Left Back Right Average 
Avg. HTC 2.783 2.780 2.817 2.792 
Rad. HTC .247 .231 .227 N/A 
Avg. Ternp 295.244 294.249 294.070 294.482 
Nusselt 14.173 14.178 14.373 14.232 
Rayleigh 4.914e+6 4.707e+6 4.66ge+6 4.756e+6 
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Table D.38 Reduced data summary for run 46 
Run Number: 46 
Experiment: More Characteristic Length Testing 
Configuration: L = 2/4, T = 290 K 
Time and Date of Run: 15:38:53.83 2-23-1994 
Area Ratio: .583441 
Volume Ratio: .160055 
Ice Temp: 274.192 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
1.146 1.012 .843 .920 1.042 1.060 
295.309 295.312 294.271 294.271 294.470 294.464 
.756 .683 .831 .891 .664 .673 
7 8 23 24 15 16 
3.231 3.284 3.050 3.113 3.335 3.459 
295.305 295.299 294.490 294.490 294.409 294.409 
1.892 1.920 2.574 2.624 1.858 1.923 
Left Back Right Average 
Avg. HTC 2.168 1.981 2.224 2.104 
Rad. HTC .241 .226 .227 N/A 
Avg. Temp 295.306 294.380 294.438 294.661 
Nusselt 24.335 22.272 24.995 23.640 
Rayleigh 5.626e+7 5.420e+7 5.433e+7 5.483e+7 
Table D.39 Reduced data summary for run 47 
Run Number: 47 
Experiment: More Characteristic Length Testing 
Configuration: L = 2/4, T = 290 K 
Time and Date of Run: 18:13:01.47 2-23-1994 
Area Ratio: .583441 
Volume Ratio: .160055 
Ice Temp: 274.354 
Left Wall Back Wall Right Wall 
5 6 21 22 13 14 
1.118 .950 .776 .814 .941 .945 
295.188 295.191 294.073 294.066 294.360 294.362 
.732 .642 .766 .794 .604 .606 
7 8 23 24 1 15 16 
3.179 3.228 2.979 3.042 :1 3.302 3.330 
295.208 295.213 294.307 294.314 1 294.283 294.280 
1.842 1.869 2.476 2.526 1 1.816 1.830 
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Table D.39 continued 
Left Back Right Average 
Avg. HTC 2.119 1.903 2.130 2.029 
Rad. HTC .244 .227 .229 N/A 
Avg. Terrp 295.200 294.190 294.321 294.516 
Nusselt 23.780 21.388 23.934 22.799 
Rayleigh 5.551e+7 5.327e+7 5.356e+7 5.400e+7 
Table D.4D Reduced data summary for run 48 
Run Nwnber: 
Experiment: 
Configuration: 
Time and Date of Run: 
Area Ratio: 
Volume Ratio: 
Ice Temp: 
48 
More Characteristic Length Testing 
L = 3/4, T = 290 K 
21:52:10.36 2-23-1994 
.58027 
.143776 
274.385 
Left Wall Back Wall Right Wall 
3 4 19 20 11 12 
.961 .809 .778 .785 .810 .846 
294.555 294.535 293.589 293.544 293.932 293.888 
.625 .545 .745 .748 .522 .539 
5 6 21 22 13 14 
2.193 1.938 1.769 1.818 1.955 2.028 
294.729 294.730 293.715 293.716 293.812 293.809 
1.277 1.143 1.491 1.528 1.093 1.129 
7 8 23 24 15 16 
3.728 3.892 3.571 3.619 3.909 3.974 
294.740 294.737 293.985 293.984 293.760 293.764 
2.084 2.170 2.879 2.916 2.067 2.100 
Left Back Right Average 
Avg. HTC 2.253 2.057 2.254 2.169 
Rad. HTC .239 .224 .225 N/A 
Avg. Terrp 294.671 293.756 293.827 294.038 
Nusselt 39.114 35.750 39.175 37.690 
Rayleigh 2.002e+8 1. 927e+8 1.933e+8 1.950e+8 
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Table D.41 Reduced data summary for run 49 
Run Number: 
Experiment: 
Configuration: 
Time and Date of Run: 
Area Ratio: 
Volume Ratio: 
Ice Temp: 
49 
More Characteristic Length Testing 
L = 4/4, T = 290 K 
11:07:03.71 2-24-1994 
.552733 
.151631 
274.705 
Left Wall Back Wall Right Wall 
1 2 17 18 9 10 
.738 .601 .468 .448 .584 .659 
294.088 294.065 292.933 292.931 293.879 293.850 
.487 .418 .483 .469 .402 .438 
3 4 19 20 11 12 
1.317 1.222 1.143 1.208 1.230 1.290 
294.100 294.090 293.155 293.106 293.731 293.672 
.777 .729 .971 1.015 .716 .743 
5 6 21 22 13 14 
2.442 2.210 1.994 2.106 2.374 2.463 
294.113 294.118 293.044 293.046 293.590 293.598 
1.341 1.225 1.569 1. 649 1.268 1.312 
7 8 23 24 15 16 
4.175 4.126 3.713 3.712 4.398 4.681 
294.121 294.128 293.073 293.072 293.552 293.557 
2.210 2.186 2.794 2.793 2.250 2.388 
Left Back Right Average 
Avg. HTC 2.104 1.849 2.210 2.025 
Rad. HTC .236 .217 .228 N/A 
Avg. Temp 294.103 293.045 293.679 293.528 
Nusselt 49.423 43.515 51.952 47.616 
Rayleigh 4.752e+8 4.532e+8 4.664e+8 4.633e+8 
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